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ABSTRACT
The abundance of recent heavy rainstorms in the 
southeastern United States has raised concerns that excessive 
rainstorms may be increasing in frequency and magnitude 
across the region. For this reason, the heavy rainfall 
climatology was examined to determine whether long-term 
trends exist within the historic climate record. In 
addition, the synoptic conditions leading to these events 
were examined.
The synoptic weather patterns that generated storm 
events over a 75 mm (3 inches) threshold were classified 
using an all-inclusive manual weather typing system. Heavy 
rainfall events in the region were generated primarily by 
frontal weather systems (79 percent) followed by tropical 
disturbances (13 percent) and airmass storms (8 percent). 
Regarding seasonality of heavy rainfall events, the western 
and central portion of the study area had peaks in 
frequencies in fall, winter, and spring while the eastern 
portion had summer peaks in frequencies.
Time series of the number of annual events over the 75 
mm threshold were used to test for trends. Significant 
results at a number of sites were found and spatial cohesion 
in the direction of the Spearman correlation coefficients 
(number of events and year) was found. The East Coast was 
dominated by negative associations (suggesting a temporal 
decrease in events) and areas farther west had positive
xi
correlations primarily (suggesting a temporal increase in 
events). This spatial pattern may be related to fluctuations 
in the strength and migration of the Bermuda High. Temporal 
trends in heavy rainfall events by season and by synoptic 
weather type were also investigated. Trends were found in at 
least one season at each site analyzed. Also, linear
regression of the interarrival times between events (for 
sites with Poisson distributions) revealed significantly 
increasing trends in frontal and tropically-disturbed events 
along the central Gulf coast.
Temporal trends in storm magnitudes were investigated 
through analysis of annual maximum storm series data. 
Spearman correlations between annual maximum storm events and 
year found only three significant associations, but the 
dominance of positive correlation coefficients suggested a 
tendency toward increasing values region-wide. Thus, recent 
flood losses may be as much the result of climate as in poor 




Heavy rainfall and flooding events have historically 
plagued the southeastern United States as a result of its 
sub-tropical, maritime location. The region is vulnerable to 
heavy rainfall because of its proximity to the ample energy 
and moisture sources provided by its subtropical latitude and 
the warm waters of the western Atlantic Ocean and Gulf of 
Mexico. As a result, the area receives storms induced by 
rigorous interaction between maritime tropical and 
continental polar airmasses and the - development of 
extratropical cyclones in fall, winter, and spring (Faiers 
1986; Johnson et al. 1984; Saucier 1949) and tropical storms 
in summer and fall (Hsu 1988) . In recent years, however, 
heavy rainfalls and flash flooding have occurred with 
increasing frequency, raising serious questions about 
changing regimes of heavy rainfall in the area (Muller et al. 
1990) .
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In the last several years, severe events in the 
Southeast have been particularly numerous and damaging. The 
following is a list of examples:
• On May 16-18, 1989, heavy rains battered western Louisiana 
with rainfall totals in excess of 405 mm (16 inches) west of 
Lake Charles and over 455 mm (18 inches) at Coushatta, 
placing a heavy burden on local rivers.
• In late June 1989, Tropical Storm Allison produced 
torrential rains in the states of Texas, Louisiana, and 
Mississippi, including a six-day total of over 735 mm (29 
inches) in Winnfield, Louisiana, causing 10 drowning deaths 
and approximately a half billion dollars in flood damages.
• On November 7, 1989, strong thunderstorms developed over
the New Orleans metropolitan area producing rainfall totals 
over 43 0 mm (17 inches) at two locations and over 485 mm (19 
inches) at another, causing flood damage to nearly 6,000 
homes (National Oceanic and Atmospheric Administration 1989) .
• On May 19, 1990, Hot Springs, Arkansas was inundated by a 
storm which produced 33 0 mm (13 inches) of rain in nine hours 
causing widespread urban flooding.
• In mid-October 1990, Tropical Storm Marco and remnants of 
Hurricane Klaus combined to produce heavy rains in excess of 
380 mm (15 inches) in the states of Georgia, South Carolina, 
and North Carolina causing 11 deaths and considerable crop 
and property damages across the tri-state area.
• On February 18-22, 1991, areas of southeastern Arkansas and 
west central Alabama were battered by heavy rains (3 05 mm at 
Hamburg, Arkansas) produced by an approaching cold front 
which flooded many homes and roads and washed out several 
bridges.
• On June 10-11, 1991, New Orleans was again inundated when 
a frontal passage generated over 33 0 mm (13 inches) of rain 
downtown which overwhelmed the city's drainage network and 
flooded the famous streets of Bourbon, Canal, and St. Charles 
Avenue, among others.
• On October 8, 1991, torrential rains associated with a
stalled cold front fell across southeastern Florida, 
producing 280 mm (11 inches) of rain in 8 hours at Hollywood, 
and causing severe flooding from Miami to Pompano Beach 
(Climate Analysis Center 1991).
• On October 25, 1991, a strong cold front produced intense 
rains in southeastern Oklahoma with a 75-minute rainfall 
total of 155 mm (6 inches) and a 12-hour accumulation of 2 60 
mm (10 inches) at Tuskahoma.
• On December 18-22, 1991, a frontal situation accompanied by 
an upper level disturbance generated heavy rains across 
central Texas including 395 mm (over 15 inches) at Medina and 
380 mm (15 inches) at Boerne leading to numerous fatalities 
and severe flooding on the Gaudeloupe, Colorado, Brazos, and 
Trinity Rivers (Griffiths and Nelson 1991).
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• On June 17-21, 1993, Tropical Storm Arlene, in accord with 
a surface front, caused widespread flooding in northeastern 
Texas and northwestern Louisiana with a 3 6-hour storm total 
of 3 80 mm (15 inches) posted at Henderson, Texas.
These featured storms provide only a small sample of recent 
excessive rainfall events in the region.
1.2 STATEMENT OF PROBLEM
Is the heavy rainfall regime in the Southeast really 
changing or is increasing media coverage and floodplain 
developments making these storms appear more extraordinary 
than they really are? The abundance of recent heavy 
rainstorms and flooding episodes in the southeastern United 
States, accompanied by the large quantity of attention given 
to global change, has raised concerns that excessive 
rainstorms may be increasing in frequency and magnitude 
across the region. For these reasons, an analysis of the 
heavy rainfall climatology in the area is needed to evaluate 
the severity of recent excessive events with respect to the 
long-term climate record. An analysis of precipitation 
records will determine if recent flood losses are 
climatically-driven or the result of poor land management and 
zoning practices. Implications of such changes in heavy 
rainfall climates include inadequate design storm rainfall 
totals such as those displayed in Technical Paper No. 40
5
(Hershfield 1961) and increasing flood devastation in the 
area.
1.3 OBJECTIVES
The purpose of this research is to analyze long-term 
precipitation records within the southeastern United States 
to detect temporal variations or trends in the frequency and 
magnitude of heavy rainfall events. The four primary 
objectives are:
1) To investigate the synoptic weather situations and 
seasonality of heavy rainfall events to determine and analyze 
the generating-mechanisms of heavy rainfall in the Southeast.
2) To test the hypothesis that heavy rainfall events are 
increasing in frequency over time.
3) To test the hypothesis that heavy rainfall events 
are increasing in magnitude over time.
4) To investigate whether spatial variability in the 
synoptic conditions, frequencies, and magnitudes of storms 
across the region result in different temporal regimes.
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1.4 PERTINENT LITERATURE
The study of heavy rainfall events and their temporal 
variability is implicitly associated with global change 
issues. Therefore, pertinent literature ranges in scale from 
global studies of temperature and precipitation trends to 
local studies of heavy rainfall. As a result of the vast 
number of research articles on these topics, no attempt will 
be made to summarize or cite every paper. However, the 
appropriate literature having implications on heavy rainfall 
in the southeastern United States is examined and additional 
literature is cited throughout the remaining chapters as 
needed.
First, the primary papers addressing the observed global 
temperature and precipitation records are examined along with 
projections into the future. This is followed by regional 
studies of precipitation in the United States and the 
Southeast. A section summarizes the literature on climate 
variability and variability of extreme events and how they 
may change under global warming scenarios. Finally, the 
limited number of papers addressing temporal variability of 
heavy rainfall and flooding is summarized.
1.4.1 Global
The primary research addressing the empirical 
instrumental temperature record for the globe was conducted
by scientists at the University of East Anglia (Jones et 
al. 1986) and at the Goddard Institute for Space Studies 
(Hansen and Lebedeff 1987; Hansen and Lebedeff 1988). Both 
efforts yield similar results which show that, despite an 
extended cooling trend in the 1940s, 1950s, and early 1960s, 
global temperatures have increased about 0.6° C since 1880. 
General Circulation Model (GCM) estimates of future 
temperatures under a doubled atmospheric C02 scenario are 
provided by Hansen et al. (1988), among others, which suggest
that global temperatures may increase by 3° C ± 1.5° C
sometime before the end of the 21st century. The land-based 
global precipitation record for the past 100 years was 
examined by Diaz et al. (1989). They concluded that annual
precipitation totals have increased by nearly 6 percent which 
was primarily driven by significantly increasing trends in 
spring and autumn precipitation. Under doubled C02 
conditions, most GCM output projects increases in global 
precipitation ranging upwards from 7.1 percent (National 
Center for Atmospheric Research GCM) to a high of 15.8 
percent (United Kingdom Meteorological Office GCM) (Karl et 
al. 1989) .
1.4.2 United States
In the United States, Hanson et al. (1989) examined the
temperature and precipitation record for the contiguous 48 
states from 1895 to 1987. They concluded that there is no
statistical evidence of a change in either annual average 
temperatures or precipitation, but that a significant 
increasing trend in precipitation during the autumn season 
exists. GCM estimates of future temperatures and
precipitation across the conterminous United States indicate 
that both variables will increase.
1.4.3 Southeast
Although the average precipitation data for the United 
States as a whole does not show a trend, this does not 
necessarily negate the possibility of trends at regional 
scales. In the southeastern United States, Vinnikov et al. 
(1990) analyzed 100 years of precipitation data and found a 
long-term trend toward greater annual rainfall across the 
region. Similarly, Yin (1993) and Soule (1993) both found 
upward trends in drought severity index values in the 
Southeast which also indicate wetter conditions. These 
findings coincide with results from the Goddard Institute for 
Space Studies (GISS) and Oregon State University (OSU) GCM 
output which anticipate increases in precipitation in the 
southeastern United States as a result of increasing 
atmospheric greenhouse gases (Smith and Tirpak 1989). The 
Geophysical Fluid Dynamics Lab (GFDL) GCM, however, 
contradicts these results, and the uncertainty involved in 
regional impacts of global change and the conflicting 
predictions of GCM output call for additional research.
1.4.4 Variability and Extremes
Another aspect of potential climate change that has 
received little attention is climate extremes and how they 
may respond to global warming scenarios. Climate change 
studies, especially those derived from GCM output, typically 
predict future changes in average temperature and 
precipitation (Schneider 1989), but the extreme events are 
often overlooked and are not well understood. However, it is 
the extreme events, i.e., severe drought, hurricanes, heavy 
rainfall, and freezes, that cause the primary impacts to 
society (Katz and Brown 1992). Therefore, there is a need to 
investigate how extreme events may change as climate averages 
change through time. One such study by Ratcliffe et al. 
(197 8) analyzed the variability of unusual weather over the 
past century, i.e., the European drought of 1975-1976 and the 
severe winter of 197 6-1977 in the eastern United States, and 
concluded that there is very little evidence for any long­
term trends in unusual climatic variability. Changing means 
and variances of flood magnitudes were investigated by 
Hirschboeck (1988) using time-varying mean and variance 
models. Shifts to different theoretical distributions 
through time were observed which are likely related to shifts 
in atmospheric circulation patterns. Changnon and Changnon 
(1992) investigated temporal fluctuations of weather 
disasters in the United States by analyzing weather events 
producing 100 million dollars or more in losses from 1950-
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1989. They conclude that the overall temporal occurrence of 
weather disasters in the United States was high in the 1950s, 
low in the 1960s and 197 0s and peaked in the 1980s and that 
the pattern correlated well with annual mean temperatures of 
the United States which explained 40 percent of the variance. 
Disasters were most prevalent in the South and Southeast and 
the trends within these regions were weak until they achieved 
a dramatic peak in the 1980s.
Potential future climate variability is assessed by Rind 
et al. (1989) using output data from the GCMs. They
concluded that temperature will become less variable, but 
precipitation variability will increase as mean precipitation 
increases into the 21st century. In addition, Wigley (1985) 
reports that as climate means increase, the upper tail of the 
distributions are impacted in a non-linear way. For example, 
a change of one standard deviation of a mean would make an 
event with 20-year recurrence interval five times more likely 
to occur (in other words a storm of the same magnitude would 
become a 4-year event) while a 100-year event would have a 
return period of only 11 years. Mearns et al. (1984) also
reported similar results regarding extreme temperature events 
in the north central United States as they relate to changing 
mean temperatures in the region.
This collection of papers raises an important question 
as to whether heavy rainfall records can be considered 
stationary for statistical analysis. Stationarity can be
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defined as a process in which the statistical properties of 
a time series (primarily the mean and variance) do not vary 
with time. In contrast, in a non-stationary time series, the 
mean and the variance vary with time and the distribution 
function is time-dependent on changing meteorological 
features associated with fluctuations of global and 
hemispherical circulation patterns (Hirschboeck 1975; Kisiel 
1969) . It is generally assumed that modern climatic and 
hydrologic records have interannual variations but are 
without significant temporal fluctuations or long-term trends 
(Huff and Changnon 1987; Yevjevich 1977). Furthermore, time 
series data are generally treated as stationary because non- 
stationary processes are very complex mathematically (Chow 
1964). Given this body of literature, however, this 
precedent can be seriously questioned.
1.4.5 Heavy Rainfall and Flooding
Since the response of extreme events and variability are 
not well understood in a changing climate, there is only 
limited research conducted on how heavy rainfall 
climatologies may change in the future. Huff (1986, p. 7 09) 
points out that "an important factor that has not been 
recognized, or at least widely accepted or used, is changing 
rainfall frequency relations resulting from climate 
fluctuations or changing trends." Furthermore, Walsh et 
al. (1982, p. 57) have written that "there is clearly a need
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for more attention to be given to the possibility of changes 
in rainfall magnitude-frequency studies of climatic change. . . 
this aspect of climatic change has been largely ignored." 
Since these two papers were published, temporal fluctuations 
of magnitude/frequency relationships of heavy rainfall have 
received slightly more attention. But, overall these words 
still hold true today.
Partly as a result of efforts to update Technical Paper 
No. 40 (Hershfield 1961) in the United States, there are a 
limited number of studies that analyze the empirical records 
of heavy rainfall and flooding events at local and regional 
scales during the past century. With a few exceptions, three 
research institutions have produced the vast majority of 
research on this topic; the University of Swansea in Wales, 
United Kingdom, the Illinois State Water Survey, and 
Louisiana State University. Heavy rainfall in Europe and 
Australia, the United States Midwest, and the Southeast is 
summarized, respectively. It should be noted that "heavy 
rainfall" is a relative term, relative to the nature of 
precipitation at a place. Hence, an event considered "heavy" 
in the United Kingdom, or Illinois, might not be considered 
so in the Southeast.
Europe and Australia
In Europe, temporal patterns of heavy rainfall were 
investigated at three different locations. Finch (1972)
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found that Effington, England, experienced a marked upward 
trend in the frequency of "exceptional falls" from 1956 to 
1971, where exceptional falls are defined as 30 millimeters 
(1.2 inches) or more of precipitation in a two-day period. 
The research also concluded that the trend had occurred 
throughout southeast England but could not be detected in the 
northern half of the country. Walsh et al. (1982)
investigated the frequency of heavy rains and flooding in the 
Swansea Valley in South Wales. They also found dramatic 
increases in the frequency and magnitude of heavy daily 
rainfalls and flooding between 1875 and 1981. The 
characteristics of heavy rainfall at Genoa, Italy were 
studied by Davison (1988). He analyzed daily rainfalls of 
100, 125, 150, and 180 mm (four, five, six, and seven inches) 
during the period 1833-1980. The data were analyzed by 
dividing the entire period into three temporal subdivisions; 
1833-1882 (Tl), 1883-1932 (T2), and 1932-1980 (T3). This
research concluded that storms at each of the set magnitudes 
had shorter return periods during T3 relative to either Tl or 
T2 suggesting that storms during the most recent period were 
larger and more frequent.
Yu and Neil (1991; 1993) investigated average annual
rainfall and heavy rainfall events in southeastern and 
western Australia, respectively. In the Southeast, relations 
of high intensity rainfalls to southern hemisphere 
temperature departures were examined and no association was
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found. In the west, significantly decreasing trends in 
annual rainfall from 1911 to 1990 were detected but no long­
term trend was found regarding heavy rainfall events with 
return periods of 10 years or more. Interestingly, during 
summer months only, an association between the number of 
heavy rainfalls and southern hemisphere temperatures was 
found in this region.
Midwest United States
In the Midwest, Sorrell and Hamilton (1989) found that 
24-hour storms with 100 year return periods were reported 
three times more frequently than would be expected in 
Michigan in recent years. Changnon (1983) found an 
increasing amount of flooding across most of Illinois from 
1921 to 1980 due at least partly to an increase in the number 
of heavy rain days, where a heavy rain day was defined as 
rainfall greater than or equal to 50 mm (two inches) . In 
addition, Huff and Changnon (1987) analyzed Illinois storms 
in terms of their changing magnitudes. By dividing an 80- 
year data set into two 40-year periods (1901-1940 and 
1941-1980) and calculating recurrence intervals for each 
period, they found that the latter period had greater 
magnitudes for selected recurrence intervals. This suggests 
that a shift towards heavier storm rainfalls in the last 40 
years has occurred. In a similar manner, temporal changes 
(primarily increases) in design rainfall totals like those
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displayed in Technical Paper No. 40 (Hershfield 1961) are 
shown in Illinois (Changnon and Huff 1987) and in the 
midwestern United States (Huff and Angel 1990; Angel and Huff
1991).
Southeast United States
Changes in heavy rainfall in the Southeast was examined 
by Changnon et al. (1992) using methods similar to those 
implemented in the Midwest studies. They concluded that 
heavy rainfall has increased primarily in the Atlanta area 
and the coastal region of the Carolinas and Virginia while 
the interiors of these states, in addition to Alabama, show 
little or no change. In Louisiana, five studies lend support 
to the hypothesis that heavy rainfall is increasing in 
frequency and magnitude. An investigation of Louisiana 
rainstorms in excess of 255 mm (10 inches) by Belville and 
Stewart (1983) found an unusual number of events in 1982 and 
1983 . They also identified the synoptic pattern that 
triggers many of the rainfall events in excess of 255 mm (10 
inches) across the state. Muller and Faiers (1984) found 
that most annual peak stages on rivers in east central 
Louisiana have occurred since 1973 "and the peak stages 
during the 197 0s and early 1980s continue to be upward" 
(p. 45). Hirschboeck and Coxe (1991) found increasing 
frequencies of urban flash flooding in recent years in the 
Louisiana cities of Monroe and Alexandria, which appear to
16
parallel increasing frequencies of heavy rainfall at those 
sites. Keim and Muller (1992) found that recent magnitudes 
of New Orleans storms were significantly larger than storm 
magnitudes from the preceding 100-year period. They also 
suggest that northern hemisphere temperatures may have some 
association with the observed temporal variability of storm 
magnitudes. Finally, Keim and Muller (1993) suggest that the 
frequency of heavy rainfalls (defined as events of 125 mm or 
more) in New Orleans also appear to be increasing through 
time.
1.5 SUMMARY OF LITERATURE
The literature cited, from global- to local-scale, 
addresses temporal climatic variability during the past 
century and projections into the near future. These 
fluctuations may, either directly or indirectly, lend insight 
into the heavy rainfall climatology of the Southeast and how 
it may have changed in the past and how it may change in 
coming decades. Clearly, there is evidence of increasing 
trends in both temperature and precipitation. Although many 
scientists point to increasing concentrations of atmospheric 
greenhouse gases as the primary forcing mechanism behind 
these changes, neither the long-term trends nor the 
interannual variability are fully understood. Given the 
uncertainty concerning past trends and variability for the
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most recent 100-year period for which measured climate data 
are available, it is understood why the models of the 
atmosphere often generate contradictory results when 
predicting future climates, especially regarding regional 
precipitation.
It is interesting that three of the cited papers have 
found associations between extreme events and average 
regional or hemispheric temperatures (Yu and Neil 1993; 
Changnon and Changnon 1992; Keim and Muller 1992). This 
seriously raises the question as to whether the recent events 
in the Southeast have an association with the most recent 
years of warmer global temperatures. Given these findings, 
in addition the other temporal fluctuations in heavy rainfall 
reported in the scientific literature at the various 
locations, the potential for increasing frequencies and 
magnitudes of heavy rainfall in the Southeast is clearly a 
plausible hypothesis. Therefore, this research investigates 
the synoptic conditions, and the temporal variability of 
heavy rainfall in the Southeast.
CHAPTER TWO 
DATA AND METHODS
This chapter discusses the primary methods implemented 
in this research. The following is a description of how 
precipitation data are collected, the types of raingauges 
used to measure rainfall in the study area, and the 
limitations of these data. The study area is also delineated 
and described in terms of its climatology and physiography. 
The data under analysis are also discussed in addition to the 
station histories of each of the sites examined. Finally, 
the general approach and assumptions of this study are 
reviewed.
2.1 PRECIPITATION MEASUREMENTS AND THEIR LIMITATIONS
Before beginning an analysis of precipitation, the 
methods of measuring rainfall and their limitations must be 
discussed. Four types of raingauges were used in the 
collection of precipitation at the sites examined in this 
analysis; the standard Weather Bureau raingauge (hereafter 
referred to as a standard gauge), the recording (or weighing) 
gauge, the tipping bucket gauge, and the Fisher-Porter gauge.
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Each of these are discussed below followed by a discussion on 
the limitations of these data.
2.1.1 Types of Raingauges
The standard gauge stands 585 mm (23 inches) high and 
has an opening of 2 05 mm (eight inches) in diameter to catch 
rainfall. Precipitation entering the gauge is directed into 
an inner-measuring tube that has a cross-sectional area one 
tenth as large as the receiver. This design magnifies a 
catch by ten times so that a more accurate measurement can be 
obtained.
The recording (or weighing) gauge also has an opening of 
2 05 mm (eight inches) in diameter which delivers the rainfall 
catch to a collecting bucket that rests on a spring balance. 
As the bucket fills, movement is transmitted to a pen arm 
which records the weight of the rainfall catch on a 
clock-driven chart.
The tipping bucket gauge utilizes two separate 
compartments which are situated beneath a 255 mm (ten inch) 
funnel-shaped receiver. When one compartment fills to its 
capacity of .25 mm (.01 inch), it tips and is replaced under 
the receiver by the empty compartment. Each tip of a bucket 
is then recorded on a graph.
The Fisher-Porter gauge also has a 2 05 mm (eight inch) 
receiver which delivers the rainfall catch to a collecting 
bucket resting on a scale. Every 15 minutes, measured
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rainfall is recorded on a motorized tape-driven chart in 
increments of 2.5 mm (0.1 inches). Therefore, rainfall 
totals less than 2.5 mm (0.1 inches) remain in the gauge 
until the 2.5 mm threshold is exceeded. The container that 
receives the rainfall is laced with oil so that precipitation 
entering the gauge is coated with a protective film. This 
prevents evaporation of smaller amounts of precipitation 
(less than 2.5 mm) from taking place between recordings.
2.1.2 Potential Problems with Accuracy
The accuracy of precipitation measurements is never 
perfect and the deviation from reality is dependent on 
several factors. Although human error and mechanical 
failures often occur, systematic errors of precipitation 
measurements are considered to be the greatest problem 
source. These potential errors (in order of importance) 
include: 1) loss from wind-field deformation above the
raingauge (up to 10 percent), 2) losses from wetting of the 
internal walls of the raingauge receiver (2 to 10 percent),
3) loss to evaporation from the container (up to 4 percent), 
and 4) splash in/splash-out (1 to 2 percent) (Sevruk 1986).
In relation to the problems discussed above, proper 
gauge exposure is also important. For example, if a gauge is 
situated near buildings or trees, obliquely falling rain is 
shielded from the gauge, decreasing the catch, relative to 
the actual rainfall. Another important factor that can
augment wind-induced undercatches is the height of the 
raingauge above the surface. Since the rainfall undercatch 
error magnifies with increasing wind velocities (Mather 1974) 
and wind velocities generally increase with height (Larson 
1986), gauges that are situated closer to the surface are 
less affected. However, undercatches can be significant 
regardless of the gauge height during storm events (i.e., 
intense frontal situations or hurricanes) because these 
turbulent atmospheric conditions are typically accompanied by 
high winds. In this analysis, only official data are used 
with no attempt made to adjust precipitation values to a 
common exposure. For a detailed discussion of raingauges and 
raingauge errors, see Instruments and Observing Methods 
Report No. 25 (World Meteorological Organization 1986).
The representativeness of a raingauge for a larger area 
is another important factor in interpreting rainfall data. 
Point rainfall estimates are often assumed to represent a 
much larger area, especially for average conditions. 
However, topographic features and other local sources and 
sinks can lead to gross errors in this regard. In addition, 
rainfall totals during individual storms can vary 
dramatically over very short distances (Mather 1974). 
Therefore, storm rainfall data used in this analysis can only 
be considered point estimates.
2.2 STUDY AREA
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The study area for this research is the southeastern 
United States. The states included in the delineation of the 
Southeast include Oklahoma, Texas, Arkansas, Louisiana, 
Tennessee, Mississippi, Alabama, North Carolina, South 
Carolina, Georgia, and Florida (Figure 2.1). This area was 
selected because of its excessive heavy rainfall climatology- 
-as a region, the heaviest in the United States (Hershfield 
1961)--in addition to the seemingly uncharacteristic number 
of recent heavy rainfalls even for this region.
2.2.1 Climatology
Climatically, the majority of the Southeast is 
classified as humid subtropical with exceptions in West and 
South Texas (steppe and desert) and South Florida (tropical 
seasonal). Annual rainfall totals range from less than 225 
mm (8.8 inches) at El Paso in West Texas (Owenby and Ezell 
1992) to highs over 1525 mm (60 inches) along the central 
Gulf Coast, in the southern Appalachians, and in southern 
Florida (Strahler and Strahler 1987). The vast majority of 
the study area is considered wet according to the 
Thornthwaite moisture index (Im) with negative Im values 
occurring in the western half of Oklahoma and the western 
two-thirds of Texas (Muller and Oberlander 1984). Despite 








Figure 2.1. States Included in the Study Area.
Texas, these regions have heavy rainfall climatologies that 
are similar to areas much farther to the east. For example, 
Tulsa, Oklahoma has roughly the same estimated 100-year/24- 
hour storm total as Birmingham, Alabama (approximately 22 0 
mm) and Brownsville, Texas, with an average annual rainfall 
total of only 675 mm, has roughly the same 100-year storm 
estimate as Daytona Beach, Florida which has an average 
annual rainfall total twice that of Brownsville (Quayle and 
Presnell 1991; Hershfield 1961).
2.2.2 Physi ography
The physiography of the southeastern United States, as 
detailed by Hunt (1967), is dominated by the Coastal Plain 
province (Figure 2.2). This province is mostly flat with 
altitudes generally less than 150 meters (500 feet) . The 
area is made up of coastal sedimentary deposits from the 







Figure 2.2. Physiographic Provinces within the Study Area.
physiographic provinces within the Southeast include the 
Great Plains, Central Lowlands, Ozark Plateaus, Ouachita, 
Interior Low Plateaus, and the provinces making up the 
Appalachian Highlands.
The Great Plains province falls within the far western 
section of the study area. This area contains thick Lower 
Cretaceous limestone at elevations between 600 and 1500 
meters (2000 and 5000 feet). The Central Texas Hill Country 
and the Balcones fault zone form the southeastern border of 
this province, both of which enhance the development of heavy 
rainfall events under certain meteorological conditions.
The Central Lowlands make up central Oklahoma, and north 
central Texas. This area, known as the Osage Plains, is a 
vast plain ranging in altitude from 150 m to 600 m (500 to 
2000 feet). The region has rich soils and is dominated by 
agricultural land use.
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In the north-central section of the study area, the 
Ozark Plateaus and Ouachita provinces make up eastern 
Oklahoma and western Arkansas. The Ozark Plateaus are 
rolling hills above 300 meters (1000 feet) while the Ouachita 
province includes the Boston and Ouachita Mountains which are 
folded Paleozoic formations that trend east-west. The 
Interior Low Plateaus province is found in central Tennessee. 
This area consists of rolling hills that are near but less 
than 300 meters (1000 feet) in altitude.
The Appalachian Highlands extend northeast from northern 
Alabama and Georgia and divide Tennessee from North Carolina. 
These mountains were formed during the late Paleozoic when 
sedimentary formations in a geosyncline were folded and 
uplifted. Although these mountains have undergone severe 
weathering, altitudes of over 1500 meters (5000 feet) are 
found in the Blue Ridge province. These mountains play an 
important role in the heavy rainfall climatology of the 
immediate area due to orographic uplifting and rainshadow 
effects.
2.3 DATA
The approach for conducting and completing the stated 
objectives involves reconstructing time series of storms 
across the Southeast. These data are extracted from daily 
precipitation observations from the United States Historical
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Climatology Network Daily Temperature and Precipitation Data 
(HCN/D) compiled by Oak Ridge National Laboratory (ORNL). 
This data set (which includes 13 8 individual station records 
within the United States) has undergone extensive quality 
assurance checks and includes only the most reliable, 
internally consistent, and unbiased long-term records from 
across the conterminous United States (Hughes et al. 1992). 
Furthermore, with regard to the precipitation data, all daily 
totals in excess of 125 mm (5 inches) were authenticated with 
either published or manuscript sources. Therefore, the 
precipitation data for the very large storms are highly 
reliable. Also, since temperatures from this data set are 
used in portions of the analysis, it should be pointed out 
that the process of selecting stations purposely avoided 
large urban centers to avoid urban heat island biases (see 
Balling and Idso 1989) . The data set provided by ORNL, 
however, is only complete through 1987. To bring these data 
through 1990, storms after 1987 were extracted from daily 
climatological data from the National Climatic Data Center 
(NCDC) which are available on compact disc through Earthlnfo 
Incorporated.
There are 27 station records available within the 
designated study area (Figure 2.3) . Nineteen of the 27 
station records begin prior to the turn of the 2 0th century 
with the oldest records existing at Savannah, Georgia and 
Charleston, South Carolina dating back to 1871. The coarse
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Figure 2.3. Station Locations for the Historical Climatology
Network Daily Temperature and Precipitation Data within the 
Southeastern United States.
resolution across the study area is recognized. However, 
since the goal of this research is the search for trends and 
periodicities at a number of locations in the Southeast, and 
not necessarily the production of accurate isomaps, this 
should pose only marginal problems (if any) in 
interpretation. On a related note, western and southern 
Texas and western Oklahoma are unrepresented in this analysis 
but these areas represent a different climate regime from the 
rest of the more wet and humid study region.
Descriptions of each station in terms of its setting, 
length of record, data quality, instrumentation, and station 
identifiers are discussed in detail in Appendix A. In the 
documentation for the HCN/D provided by ORNL (Hughes et al.
1992), the beginning dates of the station records are 
provided. However, these dates correspond to the beginning 
of the temperature records only and in most instances the
28
precipitation records began on a different date. In all but 
one case, these stations were equipped with a standard 
raingauge, but in a few instances, other gauges were used in 
addition to the standard gauge. When raingauges are co­
located in this manner, the standard hierarchy used for 
publishing these data is as follows: 1) recording gauge, 2) 
stick measurement of tipping-bucket gauge, 3) standard gauge,
4) four-inch gauge, and 5) other (personal communication, 
Peter Steurer, National Climatic Data Center, May 19, 1993). 
Unless otherwise noted, the primary published source of these 
data is Climatological Data. Bulletin W is another published 
source for most (but not all) of the early portions of the 
station records. In addition, some of the stations have 
portions of their records published in other documents and 
these sources are listed in Appendix A accordingly. Stations 
are referred to by the most recent name used in the 
literature.
2.4 APPROACH AND ASSUMPTIONS
Throughout this research project, the storm duration 
parameter is rainfall totals spanning two consecutive 
observational days. Examination of hourly rainfall data 
would provide improvements in the delineation of independent 
storm events (Robinson and Henderson 1992; Huff 1967), but 
observational day data are used because of greater
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availability and reliability. The examination of two 
observational day rainfall totals (rather than daily) was 
first implemented by Finch (1972) where he found that these 
data were more accurately associated with flooding in Great 
Britain. An observational day is defined as the 24-hour 
period prior to the time of measurement. Common observation 
times are 8 a.m., 5 p.m., or midnight, but can occur at any 
time of the day or night. If the daily observations are 
taken at 8 a.m., the climatological variable(s) would be 
recorded from 8 a.m. from the previous day until the 
observation. Since precipitation at most stations is 
recorded in this manner just once daily and at a specified 
time, problems arise in the delineation of storm 
precipitation because of the discrete observations of 
continuous rainfall over short periods. Hence, if a storm's 
duration overlaps a recording time, the storm precipitation 
total would be recorded in the published record over a two- 
day period. Therefore, for each pair of two consecutive 
observational day precipitation totals, it is assumed that 
any recorded rainfall resulted from the same storm event. 
Since Belville and Stewart (1983) concluded that most heavy 
rainfall in Louisiana is normally concentrated within periods 
of several hours, it is assumed that two observational day 
events should successfully index the majority of major storms 
across the entire study area.
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The primary instances when this assumption may be 
inappropriate are during summers when consecutive afternoons 
experience short-duration convective airmass thundershowers 
which are independent events. Although these summer 
situations have the potential to produce 30 or 40 mm (1.2 or
1.6 inches) or rain in an hour, they typically do not have 
the atmospheric support to persist sufficiently long to
produce major events. Therefore, these summer events do not 
present serious problems regarding this underlying
assumption.
2.4.1 Defining a Heavy Rainfall Event
The definition of a heavy rainfall event can be
ambiguous and can vary dramatically from one study to
another. The ambiguity results from varying applications and 
geographic locations. For these reasons, it is very
important to define precisely a heavy rainfall event as it 
applies to this study. A heavy rainfall event occurs when 
the sum of any two consecutive observational days measures 75 
mm (3 inches) or more of precipitation. A threshold of 125 
mm (5 inches) is also used in portions of this study to
analyze events of greater magnitude.
In terms of this definition, a problem arises when
precipitation falls on three consecutive observational days. 
For example, if precipitation values of 25 mm, 100 mm, and 50 
mm (1, 4, and 2 inches) fall on three consecutive days
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respectively, the summed total from days one and two exceed 
75 mm as well as days two and three. In this situation, days 
two and three would be chosen to represent the event because 
it has the greatest two-day summed total. However, it should 
be reiterated that this problem is minimized by the fact that 
most periods of heavy rainfall should not span more than two 
observational days.
The choice of a 75 mm base level storm event is partly 
arbitrarily defined, but not completely. The intent of this 
project is to analyze "heavy rainfalls" both temporally and 
spatially. Surely, spatial analysis of heavy rainfalls can 
implement unique thresholds at each location, but an aim of 
this project is to determine the spatial variability in the 
frequencies of events over a fixed threshold. The selection 
of the 7 5 mm base level is based partly on the fact that 
events of this magnitude are likely to have adverse impacts 
on society in the form of urban flash flooding, depending on 
the intensity of the storm. If geography was not a primary 
focus, an alternative method might include an analysis of all 
events over a two-year return period, for example (see Yu and 
Neil 1993) . Determination of a fixed base level has also 
been problematic in river-basin flood analyses. Ashkar and 
Rouselle (1983) state that fixed base levels in flood studies 
are typically established on engineering grounds, and given 
the subjectivity involved in such decisions, two different 
individuals would likely choose different thresholds. Making
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this determination using rainfall data is even more 
complicated because determination of a "hazardous" rainfall 
amount is more arbitrary than with river crests because river 
basin flooding presents greater hazards to society during 
periods of overbank flow. Regardless of the associated 
problems, fixed rainfall intensity thresholds of various 
magnitudes have been applied in studies of arroyo activity in 
New Mexico (Balling and Wells 1990) and to determine the 
association of high intensity rainfalls to annual rainfall 
amounts and hemispheric temperature variations (Yu and Neil 
1991).
2.4.2 Annual Extreme Storm Series
Changing magnitudes of storms across the Southeast are 
investigated through an examination of the annual series of 
maximum storm events at each of the 27 sites. An annual 
maximum storm event is defined as the greatest summed total 
of precipitation for any two consecutive observational days 
during the calendar year. Therefore the number of storms 
analyzed is equal to the number of years included in each of 
the 27 station records. The duration parameter is again two 
consecutive observational days to maintain continuity 
throughout this project.
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2.4.3 Analyses of the Series of Events
The heavy rainfall events, as defined in section 2.4.1 
are used to examine the synoptic weather situations 
associated with heavy rainfall in the Southeast in Chapter 
Three. Furthermore, this same data set is used to examine 
the annual frequencies of heavy rainfall events in Chapter 
Four and the arrival rates between events in Chapter Five. 
As stated in section 2.4.2, the annual maximum storm series 
are used to investigate changing magnitudes of storms across 
the study area in Chapter Six.
Statistical tests used in this research include Spearman 
and Pearson correlation, chi square, Kruskal-Wallis, among 
others. Each test is described in detail just prior to its 
first usage. In most cases, probability values accompany 
each test and results significant at a levels of at least .10 
are highlighted. Although a levels of .05 and .01 are more 
commonly used in the scientific literature, Gould (1970) 
points out that these levels are probably too stringent for 
most purposes and that confidence levels should be based on 
the cost in making a mistake. Examples where a levels of .10 
were also considered significant are provided by Diaz and 
Quayle (1980) and Coleman (1988).
The methods described above are those that are common to 
this research project in general. There are further methods 
used that are specific to particular analyses and are 
discussed in detail in the appropriate chapters.
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Furthermore, one of the objectives of this research is to 
investigate the spatial variability in the synoptic 
conditions, frequency, and magnitude, of heavy rainfall 
across the region. No single chapter is devoted to this 
topic alone, but spatial variability is discussed in 
conjunction with the other topics under discussion. Also, it 
is important to note that only generalizations of 
intraregional variations can be discussed since the number of 
stations from within the region is limited.
CHAPTER THREE
SYNOPTIC WEATHER INTERPRETATION AND SEASONALITY
Synoptic climatology is a means of analyzing atmosphere- 
environment interactions. Synoptic climatological methods 
are defined by Barry and Perry (1973) as the relationship 
between regional climates and atmospheric circulation 
patterns. The two stages of synoptic analyses include 
delineation of weather type classes and assessment of weather 
in relation to these classes. Since the publication by Barry 
and Perry in 1973, interest in synoptic climatology has 
increased dramatically, especially among academic 
geographers. This is partially because synoptic climatology 
lends itself well to computer technology -with the use of 
large data sets and statistical manipulations (Yarnal 1993) . 
Although the techniques used in synoptic climatology have 
grown more complex through time, the general principles 
remain essentially the same. Today, a similar but more 
contemporary definition of synoptic climatology is the 
relationship between atmospheric circulation and the surface 
environment (Yarnal 1993). Elements of both definitions are 
applied in this study through the use of weather type classes
35
36
which identify the primary producing mechanisms of heavy 
rainfall events in the southeastern United States.
There are several methods used to classify weather into 
groups. Typically, atmospheric pressure patterns or airmass 
properties are partitioned into classes using manual, 
automated, or statistical procedures. The derived weather 
types are then applied to environmental studies ranging from 
surface pollution concentrations (Comrie and Yarnal 1992), to 
insect migration patterns (Muller and Tucker 1986), to 
studies of climate change (Kalkstein et al. 1990). These
methods are also often implemented in studies of storms and 
heavy rainfall (i.e., Faiers et al. 1994; Keim and Muller
1993; Davis and Rogers 1992; Winkler 1988; Johnson et al. 
1987; Hirschboeck 1987a; and Maddox et al. 1980) which bring 
a greater understanding of the atmospheric mechanisms which 
produce these events.
3.1 SYNOPTIC WEATHER CLASSIFICATION
This research is based on a synoptic weather 
classification system developed by Muller (1977). Muller 
originally categorized the weather patterns of Louisiana and 
the Central Gulf Coast based on atmospheric pressure patterns 
at the surface using a manual method. Although this scheme 
was primarily developed to classify weather patterns in 
Louisiana, it provides the foundation for the methods used to
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categorize heavy rainfall events throughout the entire 
Southeast region. Since this system plays an integral role 
in the understanding of heavy rainfall across the study area, 
the following is a brief synopsis of this classification 
scheme based on the detailed descriptions by Keim (1990) and 
Muller and Willis (1983) . Then, it is demonstrated how this 
system is modified so that it applies to the entire region.
The Muller system includes eight all-inclusive synoptic 
weather types which are depicted in Figure 3.1. Although 
heavy rainfall almost never occurs during certain atmospheric 
conditions, all of the weather types are important since some 
increase the chances for the occurrence of a large rainfall 
event while others suppress these opportunities. Of the 
eight classes, five are generally considered fair weather 
situations and three are considered stormy. The fair weather 
types are designated by two letter abbreviations and the 
stormy situations have three letter abbreviations. Each of 
the weather types are briefly described below:
Pacific High (PH) : The circulation around a deep surface low
to the north brings mild and relatively dry air across 
southern Louisiana following a "Pacific" cold front. 
The center of the surface high normally tracks eastward 
across the southwestern United States from the Pacific. This 
weather type is normally fair and mild with west to 
northwesterly winds.
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______________________________________________________________________________________ iFigure 3.1. Synoptic Weather Types Developed by Muller(1977) for Southeastern Louisiana.
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Continental High (CH): The surface air normally flows 
southward, east of the Rocky Mountains and over the Great 
Plains and Mississippi River Valley to Louisiana. The source 
regions for this cold, dry air are in Canada and Alaska. 
This weather type is associated with polar or arctic 
outbreaks in winter with northerly or northeasterly winds. 
CH is restricted to the fair weather associated with the core 
of the high-pressure systems, but does not include the 
overrunning conditions that occur frequently in winter and 
spring.
Frontal Overrunning (FOR): This cloudy and rainy weather
type usually occurs after the passage of a cold front, but 
also can occur in the cool sector ahead of warm fronts. Very 
often, fronts become stationary along the Gulf Coast or over 
the northern or central Gulf of Mexico where "waves" develop 
over the western Gulf along the front. These waves sweep 
northeastward bringing heavy clouds, northeasterly winds, and 
precipitation to southeastern Louisiana. Precipitation is 
generated when either polar, Arctic, or sometimes Pacific 
airmasses at the surface are overrun by warmer tropical air 
from the Gulf.
Coastal Return (CR): This weather type occurs when the crest 
of a high pressure ridge drifts to the east of Louisiana and 
surface winds over the area veer from the northeast to the
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east and southeast. During winter and spring, fair and mild 
CR weather is associated with continental polar air modified 
by short passages over the Atlantic and Gulf. This weather 
type also includes weather dominated by the "Bermuda High" 
when a ridge of tropical air extends westward from the 
Atlantic over the southeastern states, and the air flow over 
the region is again primarily from the east.
Gulf Return (GR): Gulf Return situations occur when a high 
pressure ridge drifts far to the east of Louisiana. The 
surface pressure pattern on the west side of the high usually 
results in a strong return flow of warm and moist maritime 
tropical air from the Caribbean Sea and the Gulf of Mexico. 
Winds from the southeast and south are typically associated 
with this weather type.
Frontal Gulf Return (FGR): This weather type occurs in the 
warm sector before a cold front approaches or after the 
passage of a warm front. The weather becomes turbulent and 
stormy as a result of the lifting and convergence associated 
with the front. Southwest winds with maritime tropical 
properties typically result. This type includes all periods 
when a cold front from the west or north is located within a 
zone extending out about 3 50 miles or when a northeast-moving 
warm front has crossed over the area, but only until the 
front has progressed about 100 miles to the northeast. FGR
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weather, therefore, is restricted to warm-sector periods when 
fronts are sufficiently close to dominate the weather in the 
area.
Gulf High (GH): This weather type occurs during periods when 
the western extension of the Bermuda High is displaced 
southward toward or over the Gulf of Mexico in the summer, or 
when polar highs push southward directly over eastern Texas 
or Louisiana to the Gulf of Mexico in winter and spring. In 
either situation, winds are primarily from the southwest with 
either maritime tropical or continental tropical air.
Gulf Tropical Disturbance (GTD): Southern Louisiana is often 
affected by tropical systems which generally drift from east 
to west across the northern Gulf. Disturbed tropical weather 
ranges from relatively weak easterly waves to rare but severe 
hurricanes. These systems usually occur in the summer and 
fall and are characterized by great instability through deep 
moist layers of the atmosphere.
3.2 MODIFICATIONS TO THE MULLER SYSTEM
Although these weather types were developed specifically 
for Louisiana with class names that are logical to the state, 
they also can be applied to the entire Southeast with some 
regional modifications. Because the weather types are also
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delineated by subtle differences in wind direction, 
modifications to airmass properties vary with location. For 
example, easterly winds associated with Coastal Return 
weather in Louisiana would have different properties than 
easterly winds along the South Carolina coast. Gulf Return 
and Coastal Return nomenclature would require the greatest 
changes to accommodate the various subregions across the 
study area. Classes that are dominated by high pressure 
(Pacific High, Continental High, and Gulf High) need only 
marginal modifications. The high static stability associated 
with these high-pressure weather types suppress opportunities 
for precipitation. Thus, it is extremely unlikely that a 
heavy rainfall event would occur in an area under the 
dominance of one of these high pressure weather patterns. 
The Gulf Tropical Disturbance category must be renamed 
"Tropical Disturbance" to include those systems that make 
landfall along the east coast of the United States without 
ever entering the Gulf of Mexico.
Using the guidelines discussed above, heavy rainfall 
events in this study are classified either as Frontal, 
Tropical Disturbance, or Airmass. This system has also been 
successfully applied to analyses of heavy rainfall in the New 
Orleans area (Keim and Muller 1992; 1993) and in Louisiana 
(Faiers et al. 1994) . Also, a similar system was implemented 
by Matsumoto (1989) in the analysis of heavy rainfall in East
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Asia and both are implicitly related to group of generic 
synoptic classifications as discussed by Yarnal (1993) .
Daily synoptic weather maps depicting the surface 
atmospheric pressure patterns and the locations of frontal 
boundaries and storm centers were used to identify the types 
(U.S. Weather Bureau 1899-1964; NOAA 1965-1990). Prior to 
1968, these maps were produced once daily providing limited 
temporal resolution. Hence, the classification of each event 
required the analysis of several daily maps occurring both 
before and after the event to determine the generating 
mechanism of each storm.
In this classification scheme for the study region, 
frontal events are identified in situations just before, 
during, or just after the passage of a frontal boundary. It 
would be interesting to partition events produced before and 
after the passage of a front as is done in the Muller scheme, 
but the once daily temporal resolution of the pre-1968 maps 
makes such a delineation impossible in many cases. 
Furthermore, many of the events are produced both before and 
after the passage of the frontal boundary leading to 
additional complications. Therefore, all events produced by 
a front are simply classified as frontal. Tropical 
disturbance events are those generated by weak easterly waves 
to hurricanes regardless of whether they make landfall along 
the Gulf or Atlantic. Lastly, airmass storms include local
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convective or upper-air induced storms which show no surface 
manifestation of frontal or tropical disturbance mechanisms.
3.3 SYNOPTIC WEATHER ANALYSIS
Since this research uses a manual synoptic 
classification scheme, daily weather maps were viewed and 
interpreted for each heavy rainfall event in excess of 75 mm 
(3 inches) . This is a labor intensive endeavor since many of 
the stations have registered more than 200 events during 
their period of record. Therefore, of the 27 sites available 
across the study region, a sample of eight was selected to 
conduct this portion of the analysis. The selected stations 
(roughly moving from west to east) include Albany and 
Hallettsville (Texas), Pocahontas (Arkansas), Covington 
(Louisiana), Talladega (Alabama) , Rogersville (Tennessee), 
Edenton (North Carolina), and Belle Glade (Florida) (Figure 
3.2). These eight sites represent the widest range of 
precipitation climates found within the study area. Albany 
is the site located farthest to the west and is in the driest 
portion of the study area. Hallettsville is situated in 
southeastern Texas and represents the western Gulf coast. 
Pocahontas represents the north central portion of the study 
region. Covington represents the central Gulf coast. 
Talladega is centrally located within the study area. 







Figure 3.2. Stations Selected for the Synoptic Analysis of
Heavy Rainfall in the Southeast.
situated in a valley with mountains to the east and west. 
Edenton is located near the Atlantic coast and is the most 
northeastern site. Finally, Belle Glade is the
southeasternmost site in the study area.
The earliest available surface weather maps date back to 
1899. Therefore only storms occurring since January 1, 1899 
are included in the synoptic analysis. All but two of the 
sites have records pre-dating January 1899. The record at 
Albany began in November 1901 and includes over 89 years of 
data while Belle Glade started in May 1924 and has nearly a 
67-year record. The number of storm events typed at each 
site is displayed in Table 3.1 in addition to the average 
number of storms per year at each site. Rogersville received 
the fewest events at 61 in 92 years, an average of only 0.66 
events a year, while Covington experienced the most with 3 07 
in 92 years, an annual average of 3.34. In all, 1,249 heavy 
rainfall events were classified and since multiple days were
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examined for each event, it is estimated that over 3,000 
weather maps were interpreted.
The derived synoptic weather catalogs for these eight 
stations are used in a number of ways. First, the number 
(and percentage) of the various weather types are analyzed at 
each site to examine the relative importance of each 
mechanism within and between sites (Section 3.3.1) . Second, 
monthly frequency histograms of heavy rainfall events by 
synoptic weather types are prepared to show which seasons and 
generating mechanisms are most likely to produce an event at 
a given station (Section 3.3.2) and whether the seasonality 
is significant (Section 3.3.3). Third, these data are used 
to test whether mixed distributions exist within these time 
series (Section 3.3.4). Lastly, these data are analyzed in 
Chapter Five to examine whether synoptic patterns of heavy 
rainfall are changing through time (Section 5.2).
Table 3.1. Number of Heavy Rainfall Events Typed at Each 
Location.






Albany, TX 90 89 1/6 1.01
Hallettsville, TX 145 92 1.58
Pocahontas, AR 158 92 1.72
Covington, LA 307 92 3.34
Talladega, AL 181 92 1.97
Rogersville, TN 61 92 0 . 66
Edenton, NC 142 92 1. 54
Belle Glade, FL 165 66 2/3 2 .47
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3.3.1 Synoptic Weather Type Frequencies
The frequencies of the three generalized weather 
categories at each of the eight sites are displayed in Table 
3.2. The most noticeable characteristic of this table is the 
dominance of frontal events at all sites collectively. 
Overall, of the 1,249 categorized events, 79 percent were 
classified as frontal events, 13 percent were induced by 
tropical disturbances, and only 8 percent resulted from 
airmass convective showers.
Table 3.2. Synoptic Weather Type Frequencies (and
Percentages by Site) at Eight Selected Stations Across the 
Study Region.
LOCATION FRONTAL TROP DIS AIRMASS
Albany, Texas 81 (90%) 2 (2%) 7 (8%)
Hallettsville, Texas 106 (73%) 17 (12%) 22 (15%)
Pocahontas, Arkansas 146 (92%) 9 (6%) 3 (2%) '
Covington, Louisiana 238 (78%) 39 (13%) 30 (10%)
Talladega, Alabama 162 (90%) 12 (7%) 7 (4%)
Rogersville, Tennessee 58 (95%) 1 (2%) 2 (3%)
Edenton, North Carolina 115 (81%) 27 (19%) 0 (0%)
Belle Glade Florida 75 (45%) 60 (36%) 30 (18%)
TOTAL 981 (79%) 167 (13%) 101 (8%)
The geography of the weather type percentages is such 
that the proportion of frontal events increases to the north 
and away from the coastline. At the three sites located 
farthest inland (Albany, Pocahontas, Rogersville, and to a 
lesser extent Talladega) frontal events produce nearly 90 
percent or more of all events at these locations. These
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findings are readily explained by distance from the coast. 
The farther inland a site is located, the less likely it is 
to receive an event induced by a tropical disturbance or 
convective activity because of the rapid breakdown of 
tropical disturbances after landfall and distance from a 
moisture source for airmass storms. In fact, Cry (1967) 
reported that moisture produced from tropical cyclones is 
negligible beyond about 250 to 3 00 kilometers (approximately 
150-200 miles) inland. In contrast, the percentages of 
tropical disturbances are greatest near the coasts with the 
highest percentages found at Belle Glade, Edenton, Covington, 
and Hallettsville, respectively. There also appears to be an 
east to west decline in the percentages at these coastal 
locations. Airmass storms show a strong coastal orientation, 
but only at the three southern sites (Belle Glade, Covington, 
and Hallettsville) . It is therefore hypothesized that the 
ingredients needed to produce an abundance of airmass events 
is proximity to the coast, warm waters offshore, and intense 
warming of the surface in the afternoon.
Figure 3.3 displays the geographical pattern of the 
average annual number of events at the eight sites in 
addition to the proportion generated by the three synoptic 
mechanisms. The greatest total number of events are found in 
the central portion of the region, especially along the 
central Gulf coast (3.34 events per year on the average at 
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Figure 3.3. Mean Annual Number of Heavy Rainfall Events by 
All Weather Types Combined and each Weather Type 
Individually.
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west and dramatically decrease to the northwest (1.01 event 
per year on the average at Albany). It should be noted that 
Rogersville has the fewest recorded events but this is 
largely the result of rainshadowing from the nearby mountain 
barriers. Also, Colucci (1976) reported that cyclones 
attempt to avoid the Appalachian Mountains. Therefore, as 
result of the uniqueness of this location, it is not 
considered representative of a broader area. Furthermore, 
Haiden et al. (1992) have shown great spatial variability in
the magnitudes of heavy rainfall in mountainous regions.
The central portion of the region is more vulnerable to 
these events as a result of proximity to the Gulf, the 
surface circulation of mid-latitude cyclones, and the 
preferred paths of these cyclones. It has already been 
demonstrated that the vast majority of events are generated 
by frontal mechanisms . The primary moisture source for these 
rainfall events is the return flow of maritime tropical air. 
Therefore, proximity to the Gulf of Mexico plays a role, but 
the circulation patterns of cyclones is also important. For 
example, a long trajectory over warm Gulf waters is needed to 
provide ample moisture availability in the return flow for 
heavy precipitation. In the warm sector of a mid-latitude 
cyclone, the surface airflow is primarily from the southwest, 
but can also come from the south, or even the southeast and 
the region upwind of this return flow is the area with the 
greatest rainfall-producing potential. In contrast, the
return flow in the warm sector of cyclones along the east 
coast is not directly from offshore, reducing the moisture 
availability and the heavy rainfall producing potential. 
Finally, extratropical cyclones which form in the western 
Gulf often move to the northeast or east-northeast over the 
central Gulf Coast which further produces heavy rainfall in 
this region (Trewartha 1981; Saucier 1949). Moreover, these 
cyclones tend to strengthen in intensity after landfall and 
often produce heavy rains far inland. For these reasons, the 
region to the north and northeast of the Gulf experiences the 
greatest number of events. This explains the large number of 
average annual frontal events at the sites of Covington (2.59 
per year), Talladega (1.76 per year), and Pocahontas (1.59 
per year) while Albany receives only 0.9 frontal events per 
year on average.
The number of tropical disturbance events peaks at Belle 
Glade, Florida at 0.90 per annum. Covington has the second 
highest average (at 0.42 events per year on average) but is 
less than half that of Belle Glade. The annual number of 
tropical disturbance events drops rapidly inland and reaches 
minimums at Rogersville and Albany with annual averages of 
0.01 and 0.02 per year on average, respectively. Similarly, 
average annual totals of airmass events peak at Belle Glade 
(0.45), Hallettsville (0.24), and Covington (0.33) and reach 
a minimum at Edenton with zero airmass events per year.
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3.3.2 Seasonality by Weather Type
The previous section primarily focused attention on the 
broad-scale geographical patterns of the frequency of heavy 
rainfall events by weather type at the eight locations. This 
section addresses the seasonal component of the heavy 
rainfall and how this varies across the study area. Figure
3.4 displays the average monthly frequency of each weather 
type at all eight locations and the represented seasonality 
at each site is discussed in detail below.
Albany, Texas
Monthly frequency totals of heavy rainfall at Albany 
parallel average monthly rainfall in the region. The site is 
dominated by frontal events occurring in the transitional 
seasons with bimodal peaks in May and September. Winter 
events are few and there is a conspicuous decline in the 
number of events in the summer months. These results are 
corroborated by Bomar (1983) who reports that spring and 
early fall are the primary seasons for river-basin flooding 
across most of Texas. The number of winter events is 
depressed for four reasons: 1) the moisture-carrying capacity 
of the atmosphere is small because of the lower temperatures,
2) these colder surface temperatures suppress opportunities 
for local airmass storms by increasing atmospheric stability,
3) cool sea surface temperatures are not conducive to the 
development of tropical disturbances, and 4) the prevailing
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Figure 3.4. Seasonality of Heavy Rainfall Events at Eight 
Sites in the Southeast by Synoptic Weather Type.
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wind direction is from the south which often brings dry and 
stable air from arid lands in Mexico. Beginning in April, 
temperatures (and the moisture-carrying capacity) begin to 
increase and the prevailing wind direction shifts slightly 
from south to south-southeast (Quayle and Presnell 1991). 
This slight shift is meaningful because the airmass source 
region changes from arid Mexico to the Gulf of Mexico. This 
represents a shift from a dry continental tropical (cT) 
airmass to an unstable and moisture-laden maritime tropical 
(mT) airmass. Frontal passages are still frequent in spring 
(Trewartha 1981), but now, ample precipitable water is 
available to produce an event of consequence.
The decline in the number of summer events may be the 
result of processes occurring aloft. Trewartha (1981) 
displays the average summer isentropic pattern for the United 
States where a constant potential temperature surface of 315° 
K is depicted. Further interpretation and applications of 
isentropic charts is provided by Namias (193 8). As shown and 
described by Trewartha (1981) , the summer general circulation 
in the mid-troposphere (750 mb to the 500 mb level) develops 
a large anticyclonic ridge over the southern Great Plains 
which drives dry northerly air into Texas and the lower 
Mississippi Valley (Trewartha 1981). In addition, Harman 
(1991) found an eastward shift of the mean 500 mb ridge, 
typically anchored over the Rockies, resulting from strong 
continental heating which further supports the conclusions of
Trewartha (1981). This subsiding air over Texas may increase 
stability in the region limiting the development of heavy 
rainfall. Furthermore, cyclones tend to move north and east 
of Texas in summer bypassing this location (Klein 1957). 
However, it is important to note that the few airmass storms 
occurring at this site develop during the warmest part of the 
year despite the upper-level stability cap on the area. 
Storms increase in the fall months as the upper-level 
anticyclonic ridge breaks down, then rapidly decrease in 
November as a result of the shift back to southerly and 
southwesterly prevailing winds and lower temperatures. This 
site receives few tropically disturbed events because it is 
located far inland where only the most organized systems can 
reach. Notice that the two tropical events occurred in 
September which is the month that produces the most powerful 
hurricanes in this region (Neumann et al. 1987).
Hallettsville, Texas
The annual march of heavy rainfall at Hallettsville has 
a pattern similar to Albany with bimodal peaks in May and 
September with limited frequencies in winter. The
explanation for this regime is much the same as Albany. 
Although extratropical cyclones often develop along the Texas 
Gulf coast in winter, these depressions are still at a 
developing stage while at this location and do not produce 
much rain in Texas because they typically move to the
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northeast (Elliott 1949). However, about nine fronts a month 
pass through southeastern Texas during winter (DiMego et al. 
1976) which are associated with extratropical cyclones 
tracking across the continental United States. These frontal 
passages tend not to produce extreme rainfall events with any 
regularity because of the overrunning conditions and absence 
of a tropical mechanism to interact with the frontal boundary 
during this time of year (Bosart et al. 1992).
Summer frequencies, however, are not as depressed as the 
Albany site primarily as a result of the prominence of 
tropical disturbance and airmass storms due to proximity to 
the coast. Tropical disturbances follow a pattern which is 
evident at most of the sites in the study area. They are 
predominately found between May and November with a peak in 
September. September is also a month when fronts frequently 
stall along the Texas coast and then interact with tropical 
disturbances which enhances instability and can lead to heavy 
rainfall (Bosart et al. 1992). The airmass events recorded 
in December and January provide examples of the limitations 
associated with this classification because these events are 
probably the result of disturbances in the upper atmosphere 
with no surface manifestation and not the result of 
instability induced by intense heating of the land surface.
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Pocahontas, Arkansas
Heavy rainfall frequencies at Pocahontas display some 
similarity to the two Texas sites, but what distinguishes 
this site from the others is the dramatic peak of frontal 
events in January. This peak is caused by winter 
extratropical cyclones that develop in the western Gulf and 
migrate northeastward, passing to the west of New Orleans 
(Faiers 1986; Elliott 1949) during this month. These systems 
generally increase in intensity as they take a path to the 
west of the Appalachians and impact the lower Mississippi 
River Valley with heavy rainfall (Trewartha 1981). The 
frequencies of events dramatically decline in February when 
these systems begin tracking farther to the east (Faiers 
1986; Klein 1957), then peak again in April and May as a 
result of frontal activity associated with mid-latitude 
cyclones tracking east and northeast across the country. 
Frontal systems become infrequent during summer months (Klein 
1957), and this area is also under the domination of the 
upper-level anticyclonic ridge as proposed by Trewartha 
(1981) . Both of these factors lead to a decline in the 
number of summer events. Frontal events then gradually 
increase in the late fall as frontal passages become more 
frequent.
Although few in number, storms induced by tropical 
disturbances follow the typical summer/fall pattern. Because 
of distance from the coast, however, the season is shorter
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ranging from July to October rather than May to November. 
Furthermore, only three summertime heavy airmass storms 
occurred which is again the result of distance from a 
moisture source.
Covington, Louisiana
At Covington, frontal storms dominate from late winter 
to early spring with a peak in April. Covington is impacted 
by winter extratropical cyclones from the Gulf to a lesser 
extent than Pocahontas because these systems are in an 
incipient stage when they pass near this location and they 
intensify as they move northeast away from the site 
(Trewartha 1981) . The peak displayed in April consists 
primarily of frontal passages induced by mid-latitude 
cyclones and often the frontal boundaries stall along the 
Louisiana coastline or along the continental shelf (Hsu 1988) 
allowing prolonged rainfall to occur in the Covington area. 
In summer, like at Pocahontas, frontal systems are too far to 
the north to affect the region and then frontal events 
gradually increase in frequency beginning in late fall. As 
a result of proximity to the Gulf, tropical disturbances and 
airmass storms both make major storm contributions while 
following typical summer/fall patterns. The percentage of 
tropical disturbance events (13 percent), however, is smaller 
than from the New Orleans area where 24 percent of all events 
over a 12 5 mm were generated by tropical disturbances (Keim
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and Muller 1993). This signifies how rapidly these storms 
deteriorate after landfall. It is noteworthy that average 
monthly precipitation peaks in July at Covington (Owenby and 
Ezell 1992), but the number of July heavy rainfall events is 
less than those of six other months.
Talladega, Alabama
The seasonal pattern of extreme events at Talladega 
exhibits highest frequencies in late winter and early spring 
with a peak in March. This seasonal concentration is the 
result of both Gulf cyclones and cyclones tracking east or 
northeastward across the North American continent generating 
frontal passages through the region. The peak in March is 
primarily the result of cyclone tracks from west Texas which 
traverse central Alabama (Klein 1957).
The number of events shows a decrease through the summer 
and reaches a minimum in October and November as a result of 
the summer anticyclonic ridge aloft and cooling of the land 
surface in fall; both of which serve to stabilize the local 
atmosphere. Tropical disturbance and airmass events again 
follow the typical summer/fall pattern, with airmass storms 
concentrated in the late summer months and the peak of 
tropically disturbed events occurring in September.
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Rogersville, Tennessee
Although few heavy rainfall events occurred at 
Rogersville, the uniqueness of this site makes it one of the 
more interesting to examine. As noted, Rogersville is 
situated in a valley with north-south trending mountains to 
the east and west of the site. Therefore, the rainshadow 
from the east and west means that for heavy rainfall to occur 
at this location, a low pressure center must pass near the 
site or a frontal boundary must stall over the site. 
Although Colucci (1976) reported that cyclones tend to avoid 
the mountains, those that do track over the area have very 
strong support aloft. All but three of the 61 events were 
classified as frontal (Table 3.2) demonstrating that this 
mechanism is the primary source of heavy rainfall at this 
location and demonstrates the isolation of this valley site. 
No other location (of the eight) had a higher percentage of 
frontal events. Since the two airmass storms and the 
tropical disturbance occurred within expected months, only 
frontal events are discussed. Since the monthly totals of 
events are small, however, one or two events can dramatically 
change the appearance of the histogram. Therefore, caution 
must be taken when interpreting seasonality at this site. 
The annual progression of storm frequencies beginning in late 
fall and winter displays elevated numbers in November and 
January resulting from extratropical cyclones from the Gulf. 
The frequencies decline in February as these extratropical
systems begin tracking farther to the east (Faiers 1986) . In 
March, frequencies again increase as a result of frequent 
mid-latitude cyclone passages and the warmer temperatures in 
the warm sector delivering higher moisture levels than in 
February. There is a marked increase in summer frequencies 
with a peak in July. Moving west to east across the study 
region, this is the first site to have its seasonal peak in 
summer. This again may be the result of instability induced 
by an upper-level current of humid tropical air from the Gulf 
as displayed in Figure 3.5 (Trewartha 1981; Wexler and Namias 
193 8). Just as Texas and the other states toward the west of 
the study area are impacted in the summer by a tongue of dry 
stable air aloft, this area is situated under the dominance 
of a tongue of moist unstable air which enhances rainfall 
during this time of year. As this upper-level pattern 
weakens in late summer, the number of events again decreases.
Eden ton, North Carolina
The frequency of events at Edenton exhibits a very 
distinct peak in frontal events in the summer, a clearly 
defined tropical disturbance season with a peak in September, 
and a complete absence of airmass events. In winter and 
spring, the number of events is low despite an abundance of 
coastal storm activity in the west Atlantic (Davis et al. 
1993) and numerous frontal passages through the region. A 
possible explanation for this is that the lower winter and
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early spring temperatures reduce the moisture carrying 
capacity to the point that a rain event of 75 mm (3 inches) 
or more cannot be produced due to inadequate moisture. Also, 
the maritime tropical air in the warm sector of an
extratropical cyclone from the Gulf in this area would be 
modified as a result of passages over land. In contrast, the 
moisture carrying capacity in summer is high and this site is 
still sufficiently far north to be under the influence of 
summer mid-latitude cyclones which form immediately east of 
the Rocky Mountains (Bowie and Weightman 1914) and in the
western Atlantic (Klein 1957), many of which stall in the
Atlantic just offshore from Edenton (Davis et al. 1993).
Furthermore, this area in summer is likely influenced by the 
deep current of humid tropical air aloft which further
increases summer instability and provides addition moisture 
to the atmosphere so that heavy rainfall can be produced.
Tropical disturbance events are prominent here because 
of the coastal location. Approximately 19 percent of all 
events recorded at Edenton resulted from tropical
disturbances which is second only to the Belle Glade, Florida 
site (Table 3.2). The seasonality follows the typical 
summer/fall pattern, with one outlier in early December. The 
most interesting and unique characteristic of this site,
however, is that there were no airmass-generated heavy 
rainfall events recorded during the entire 92-year record. 
This may result from the intensity and position of the
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Bermuda High in summer which may lead to more stable 
atmospheric conditions in the vicinity (Easterling 1991). 
Also, there may be lower afternoon temperatures caused by 
evaporation in this mostly marshy region in addition to the 
presence of a cool sea breeze in the afternoon at this 
coastal location. Both of these would depress afternoon 
temperatures further preventing intense localized afternoon 
thunderstorm development.
Belle Glade, Florida
Belle Glade exhibits the most balance in the frequencies 
of the varying weather types (Table 3.2). Storms induced by 
fronts surprisingly have occurred in every month of the year 
with the exception of February. Although westerly
circulation does not directly affect central and south 
Florida in summer months, fronts do occasionally penetrate 
the Florida peninsula at a rate of about one or two a month, 
on the average (DiMego et al. 1976), and produce heavy
rainfall events as a result of the abundance of available 
atmospheric moisture. The shortage of frontal events in 
February is somewhat surprising because it is during this 
month that cyclogenesis off the east coast of Florida is more 
frequent and farther south than any other time of year (Klein 
1957). One possible explanation for this decrease may be 
that the frontal systems move more rapidly during this time 
of year due to the more southerly position of the jet stream.
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Therefore, the cyclone centers pass closer to this location 
and frontal boundaries do not stall in this area long enough 
to produce an extreme event.
Tropical disturbance events again are concentrated in 
summer and fall with a peak in September. There are more 
total tropical events here (and they make up the greatest 
percentage of the total) than any of the other locations 
examined. This is the result of its location relative to 
preferred paths of hurricanes and tropical storms (Neumann et 
al. 1987). Airmass storms are also prominent at this site 
and are concentrated in summer and peak in July. Thirty 
airmass events were generated at this site, which is tied 
with Covington for the most events of this class, despite the 
shorter period of record. Trewartha (1981) notes that summer 
thunderstorm frequency in interior Florida exceeds that of 
any region in the United States and possibly the world. This 
is attributed to afternoon sea breezes approaching from both 
the east and west producing strong convergence in the 
interior (Byers and Rodebush 1948).
3.3.3 Statistical Evaluation of Heavy Rainfall Seasonality
To test whether the seasonality discussed above (and 
displayed in Table 3.3) is significant, the chi square test 
for goodness of fit is implemented. These monthly data were 
amalgamated into seasons in Table 3.4 because several sites
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Table 3.3. Monthly Frequencies of Heavy Rainfall Events.
J F M A M J J A S O N D
A 1 2 1 10 13 10 7 12 17 13 1 3
B 5 3 3 14 24 15 14 12 23 14 11 7
C 23 11 12 19 19 9 8 11 11 9 14 12
D 17 28 35 42 37 19 24 19 26 21 14 25 i
E 19 23 27 2:2 11 13 13 12 15 6 4 16 j
F 5 2 7 3 3 5 10 6 5 4 7 4
G 1 6 2 8 8 17 31 25 19 11 10 4
H 5 0 11 10 14 32 23 16 25 17 9 3
Arkansas; D) Covington Louisiana; E) Talladega, Alabama; F) 
Rogersville, Tennessee; G) Edenton, North Carolina; and H) 
Belle Glade Florida
Table 3.4. Seasonal Frequencies of Heavy Rainfall Events.
Site Winter Spring Summer Fall
Albany, TX 6 24 29 31
Hallettsville, TX 15 41 41 48
Pocahontas, AR 46 50 28 34
Covington, LA 70 114 62 61
Talladega, AL 58 60 38 25
Rogersville, TN 11 13 21 16
Edenton, NC 11 18 73 40
Belle Glade, FL 8 35 71 51
violated minimum class frequency assumptions as defined by 
Norcliffe (1982, p. 93) at the monthly time scale. For 
example, Belle Glade has a frequency of zero in February 
while Rogersville has five months with frequencies less than 
five. Seasons were partitioned as follows; winter (December, 
January, February), spring (March, April, May), summer (June,
July, August), and fall (September, October, November). In 
this case, the chi square test measures the association 
between an observed set of variables and an expected 
distribution. In this case, the observed distribution is the 
number of heavy rainfall events for each season. In 
contrast, the expected (or "no-seasonality") distribution is 
derived by assuming that the same number of events occur in 
every season. Note that the frequencies in Tables 3.3 and
3.4 represent the total number of events recorded at each 
site during each month and season for the period of record. 
Record lengths are 92 years long for all sites except Albany 
(90 years) and Belle Glade (67 years). The chi square test 
assumes that the sum of the squared and standardized 
differences between the observed and expected frequency 
classes are distributed approximately as a chi square 
variable (Clark and Hosking 1986).
The chi square statistics and their probability values 
for each of the eight sites are shown in Table 3.5. As 
displayed, the seasonal frequency distributions at seven of 
the locations possess significant seasonal patterns. The 
only site without statistically significant seasonality in 
heavy rainfall is Rogersville. Although Pocahontas displayed 
a significant probability of seasonality, the chi square 
statistic value was in accordance with Rogersville. 
Furthermore, the greatest chi square statistics and lowest 
probability values are found at Edenton and Belle Glade. The
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Table 3.5. Chi Square Statistics (%2) and Probability Values 
(PROBVAL) for Seasonality Tests.
LOCATION x2 PROBVAL
Albany, TX 17.289 0.001
Hallettsville, TX 17.510 0 . 001
Pocahontas, AR 7 .975 0 . 046
Covington, LA 24.739 0.000
Talladega, AL 18.624 0.001
Rogersville, TN 3 .721 0.294
Edenton, NC 65.718 0.000
Belle Glade, FL 51.509 0.000
locations of these sites (in the north-central and eastern 
portions of the region, respectively) suggest that there may 
be physical factors involved. One explanation may be that 
the north-central sites are located in a transitional zone 
between the upper-level tongues of moist and dry air in the 
summer. Therefore, heavy rainfalls in summer are neither 
enhanced nor suppressed as they are in areas farther to the 
east and west, respectively. A variation of this 
interpretation is that these locations may fall either under 
the moist or dry tongue from one year to the next as Wexler 
and Namias (193 8) have shown that these upper level features 
are not static. Sites located in the east may show a strong 
winter/summer distinction in heavy rainfall because they are 
nearly always influenced by the moist tongue aloft in summer 
dramatically enhancing the development of heavy rainfalls 
despite the interannual occilations.
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The less continental sites of Covington and Talladega, 
which are also located in the central portion of the study 
region but farther to the south, are probably not as 
influenced by the upper-air zones of stability and 
instability. This is because of the abundant atmospheric 
moisture at the surface in these more coastal locations and 
airmass and tropical disturbance events can occur despite the 
upper air configuration which enhances atmospheric stability.
3.3.4 Statistical Evaluation of Mixed Distributions
Partitioning heavy rainfall events into distinct 
synoptic groups can also be useful in determining whether a 
time series has a mixed statistical distribution based on 
varying magnitude sizes. A distribution is considered mixed 
when the parent population is composed of two or more 
subpopulations, each with its own distinct statistical 
characteristics (Hirschboeck 1987b). If a time series of 
heavy rainfalls contains distinctly different sub­
populations, many statistical analyses may be invalidated 
because of a violation of the homogeneity assumption. 
Previous research on mixed distributions in this region was 
conducted by Hershfield and Wilson (1960), Cruise and Arora 
(1990), and Faiers et al. (1994).
Hershfield and Wilson (1960) investigated mixed 
distributions in extreme rainfall series in the eastern 
United States and concluded that no significant difference
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exists between magnitudes of "tropical" and "non-tropical" 
events. Cruise and Arora (1990) investigated mixed 
distributions in flood series data on 15 drainage basins in 
Louisiana and found mixed distributions at the .05 level in 
three of the basins while seven basins had significant 
results at the .10 level. Based on these results, however, 
they concluded that the state, when taken as a whole, does 
not have mixed distribution problems in its flood series 
data. Finally, Faiers et al. (1994) discuss limitations of 
the methods used in the two previous papers in addition to 
evaluating mixed distributions in extreme rainfall series in 
Louisiana. Storm series of both 3- and 24-hour durations 
were investigated and although no significant mixed 
distributions were found, they suggested that caution be 
taken when analyzing time series of heavy rainfall in the 
Gulf South. Therefore, an investigation of mixed
distributions is undertaken.
Magnitudes of storms generated by the various mechanisms 
at each of the sites are investigated using the Kruskal- 
Wallis (K-W) analysis of variance test. The K-W test is the 
nonparametric equivalent of the one-way analysis of variance 
test, known as ANOVA. This test is an extension of the Mann- 
Whitney test and was developed for multiple samples (Keller 
et al. 1988) . In situations when data are censored at a
fixed point (as is the case with these data), Bradley (1968) 
recommends use of the Mann-Whitney test and the truncated
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data be accounted for using a technique developed by Halperin 
(1960). This modification, however, is only accurate if no 
more than 75 percent of the population is censored. Clearly, 
in this analysis of extreme rainfall events, well over 7 5 
percent of rain events are censored from the samples, making 
the recommended adjustment inappropriate. Therefore, the 
unadjusted K-W test is used and the potential limitations are 
recognized.
The hypothesis is that all samples are drawn from the 
same population; hence the partitioned sample distributions 
have the same shape and variance (Barber 1988) . Results from 
the K-W test are displayed in Table 3.6. Mixed distributions 
were found at the sites of Hallettsville and Edenton with 
Belle Glade having significant results at an a of .055. At 
Hallettsville and Belle Glade, mean ranks of magnitudes 
indicate that airmass storms are the smallest in magnitude by 
far, while tropical disturbances are the greatest. Since 
Edenton had no airmass storms, magnitudes of storms induced 
by tropical disturbances were found to be significantly 
larger than frontal events at this site. This may result 
from the excessive number of frontal events generated by 
frontal overrunning conditions which produces prolonged, but 
low intensity rainfall. Hence, this leads to higher counts 
of near threshold (75 mm) frontal events while magnitudes of 
tropical disturbance are typically much larger. This is not 
likely the case at either Hallettsville or Belle Glade
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because the average magnitude rank for frontal events is not 
far behind those of tropical disturbance origin.
Table 3.6. Kruskal-Wallis Test Statistics (K-W) and
Probability Values (PROBVAL) for Mixed Distribution Tests.
LOCATION K-W PROBVAL
Albany, TX 2 . 064 0.356
Hallettsville, TX 6.116 0.047
Pocahontas, AR 0 . 002 0.999
Covington, LA 2 .110 0.348
Rogersville, TN 0.915 0 . 633
Talladega, AL 0.556 0 .757
Edenton, NC 20 .182 0 . 000
Belle Glade, FL 5.782 0 . 055
It is interesting that these three sites are all coastal 
oriented but represent far reaches of the study area with 
sites in between (Covington, for example) having no mixed 
distributions. The coastal orientation of the mixed 
distributions occurs because tropical disturbances are 
capable of producing extremely heavy rainfall when they are 
at maximum intensity near landfall and then rapidly 
deteriorate, losing some of their ability to produce intense 
rains farther inland. Moreover, airmass storms at these (and 
all) sites are short-lived events and the magnitudes tend to 
be smaller than the longer duration tropical disturbance and 
frontal events. The Covington site, on the other hand, does 
not have mixed distributions and no explanation for this 
occurrence can be provided. However, it should be noted that
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Faiers et al. (1994) also found no mixed distributions in
heavy rainfall series (of three and 24-hour durations) at 
Lake Charles, Baton Rouge and New Orleans, Louisiana.
3 . 4 SUMMARY
Most heavy rainfall events in the region are generated 
by frontal weather systems, but tropical disturbances and 
airmass storms are particularly important at the coastal 
locations. The seasonality across the region varies greatly 
from one site to another. Seven of the eight sites have 
their peak in frequency in a different month and no season is 
unrepresented (Figure 3.5). In general terms, however, the 
area west of the Appalachians is dominated by an upper-level 
anticyclonic ridge in summer which suppresses heavy rainfall 
leading to reduced frequencies of events. In the central 
portion of the study area, peaks in frequencies occur in 
winter and spring. At the Albany site located in the west, 
the peak occurs in the fall. In contrast, sites located in 
the eastern portion of the study area are situated under an 
upper-level current of humid tropical air which increases 
instability in the area which leads to summer peaks in storm 
frequencies.
The chi square test results concluded that the 
seasonality of heavy rainfall events is significant at seven 






Figure 3.5. Month of Peak Heavy Rainfall Frequency at Eight
Sites in the Southeastern United States.
results. The relative magnitudes of the chi square 
statistics at the eight locations suggest that there may be 
physical factors involved at a sub-regional level which may 
be associated with positions of upper-level tongues of moist 
and dry air in the summer.
The existence of mixed distributions were also 
investigated in these storm data. Kruskal-Wallis tests 
concluded that only Hallettsville and Edenton had mixed 
distribution problems with Belle Glade having a strong 
tendency in this direction. This was attributed to the 
larger tropical disturbance storms that are generated at 
these coastal locations. These conclusions have implications 
in statistical analyses in Chapters Four, Five and Six.
CHAPTER FOUR 
FREQUENCY ANALYSIS OF HEAVY RAINFALLS
Annual heavy rainfall events are examined in this 
chapter to determine whether they increase in frequency 
through time across the study region. First, the spatial 
variability of the average annual number of events (at the 75 
mm and 125 mm baselines) is investigated. This is followed 
by a comprehensive analysis of temporal trends in events at 
both base levels. In addition, potential associations of 
heavy rainfall activity with annual precipitation, and 
hemispheric and local temperatures are discussed.
4.1 SPATIAL VARIABILITY OF HEAVY RAINFALLS
Figure 4.1 displays the spatial pattern of the average 
annual number of events exceeding 75 mm across the study 
area. Although spatial variability of heavy rainfall is 
presented in Figure 3.3 and discussed in detail in Section
3.3.1, this figure is produced because it supports those 
previous conclusions with a larger number of sites in the 
same study area and therefore has greater spatial resolution. 
As discussed, the central Gulf Coast region experiences the
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Figure 4.1. Spatial Variability of the Average Annual Number
of Heavy Rainfall Events Exceeding 75 mm.
greatest number of heavy rainfall events with the Covington, 
Biloxi, and Apalachicola sites all receiving in excess of 
three events on an average annual basis. As result of high 
numbers of tropical disturbance and airmass events, but fewer 
frontal events, peninsular Florida approaches the total of 
the central Gulf Coast with the sites of St. Leo and Belle 
Glade each averaging 2.5 events per year. Storm frequencies 
are generally lowest in central Texas and in the Appalachians 
where Albany, Lampasas, Rogersville, and Mount Airy all 
average one event or less. It is interesting that the two 
sites in Oklahoma (Okemah and Holdenville), situated on the 
northwestern fringe of the region, have higher annual 
averages than many of the sites in Texas. This may be 
because these more northern sites are in proximity to frontal 
systems all year while the influence of fronts in summer 
diminishes rapidly southward. The impact of these fronts in 
the north, however, breaks down in the Appalachians.
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Figure 4.2 displays the average annual number of storms 
exceeding a threshold of 125 mm. There is only about one- 
fifth the number of storms exceeding 125 mm as the number 
surpassing the 75 mm base level. This suggests that for all 
sites collectively, nearly 80 percent of the events have 
rainfall totals between 75 and 125 mm.
The geographical pattern is much the same as in Figure
4.1, but there are some subtle differences worth noting. 
Again the central Gulf Coast has the greatest frequency of 
events, but there appears to be an east-to-west gradient 
extending from Apalachicola to Covington within this coastal 
zone. On the average, Apalachicola experiences one event in 
excess of 125 mm per year. Moving westward, annual average 
totals drop to 0.90 at Biloxi and to 0.69 at Covington. This 
decreasing pattern probably does not continue westward to 
Hallettsville because research by Faiers et al. (1994)
concluded that severe storms during the last 40 to 50 years 
at Lake Charles were greater in magnitude than storms 
recorded at either Baton Rouge or New Orleans. With the 
exception of Edenton, East Coast sites also have impressive 
average annual numbers with 0.47, 0.42 and 0.57 events at the 
sites of Belle Glade, Savannah, and Charleston, respectively, 
which amounts to about one event every two years. Again, the 
sites in central Texas and the Appalachians have the lowest 
frequencies with Rogersville having the smallest annual
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Figure 4.2. Spatial Variability of the Average Annual Number
of Heavy Rainfall Events Exceeding 125 mm.
average frequency at 0.02 events per year, which corresponds 
to about one event every 50 years.
4.2 TREND ANALYSIS OF HEAVY RAINFALLS 
IN THE SOUTHEAST
Region-wide trends in the frequency of heavy rainfall 
events are examined through time series of the annual 
frequencies of heavy rainfall events. An annual frequency 
series consists of the total number of rainfall events over 
a fixed threshold for each year. Similarly, other studies 
investigating changing frequencies of heavy rainfalls and 
flooding in this manner were conducted by Keim and Muller 
(1993), Yu and Neil (1993), Walsh et al. (1982), and Howells
(1981). Annual time series from each of the 27 station 
records across the study area are included in this portion of 
the analysis.
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4.2.1 Spearman Test for Trend
Studies of climate change often use linear regression to 
discern temporal trends (see Woodward and Gray 1993; Gregory 
1978). This technique, however, requires input of interval- 
ratio data. These time series data would violate this 
assumption because the data are measured by enumeration 
(counts of storms. Therefore, the non-parametric Spearman 
test was used because ordinal data is acceptable and data 
assumptions are more relaxed than with the parametric Pearson 
method of correlation. The Spearman test provides a measure 
similar to Pearson's correlation coefficient, but is based on 
the difference of paired ranks of two variables rather than 
the actual variable scores. The efficiency of Spearman rank- 
order correlation (rs) to Pearson correlation (r) is 91 
percent, which indicates that rs has 91 percent of the 
efficiency of r in rejecting a null hypothesis (Siegel and 
Castellan 1988).
The Spearman test is used to measure the association 
between the number of annual storms and the year in which 
they occur. If there is a significant association between 
these variables, then a trend is detected. The Spearman test 
is used in a similar manner by Keim et al. (1994) to detect
trends in annual rainfall and runoff in Louisiana, by Yin 
(1993) to detect trends in annual PDSI values in the 
Southeast, and by Hanson et al. (1989) to detect trends in
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annual and seasonal temperature and rainfall totals in the 
conterminous United States.
Table 4.1 displays the Spearman correlation coefficients 
and probability values for the association between the annual 
number of 75 mm and 125 mm rainfall events and year. 
Significant results at a levels of .10 and .05 are denoted 
with either one or two asterisks, respectively. At the 75 mm 
threshold, six of the 27 stations have significant trends at 
a levels of < .05 and one other (Lampasas, Texas) has a trend 
with a significance level of .08. Increasing trends were 
detected at Muscle Shoals (Alabama), Monroe (North Carolina), 
Rogersville (Tennessee), Corsicana and Mexia (Texas), while 
a decreasing trend was found at Charleston (South Carolina), 
in addition to Lampasas (Texas).
Three sites are selected as graphical examples of the 
annual frequency series at the 75 mm threshold (Figure 4.3). 
The sites selected represent the two extreme (positive and 
negative) rs values (Rogersville and Charleston) and the site 
with an rs closest to zero (Biloxi) . It appears that the 
significantly decreasing trend at Charleston may result from 
an atypical number of events that occurred before the turn of 
the century. For example, from 1871 to 1893, years with four 
or more events occurred nearly every second year on the 
average (11 of 23 years). Since 1894, only seven of the 97 
years equaled or exceeded four annual events. The Biloxi,
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Table 4.1. Spearman Tests for Trend at 75 and 125 mm 
Thresholds at 27 Locations in the Southeastern U.S.
LOCATION n
75 mm 125 mm
rB P rB P
Muscle Shoals, AL 50 .299 . 04** . 119 .41
Talladega, AL 94 .057 .59 .059 .58
Conway, AR 99 .005 .92 -.046 .66
Pocahontas, AR 96 . 011 00 00 . 028 .78
Apalachicola, FL 87 -.045 .68 .064 .56
Belle Glade, FL 66 -.172 .16 -.178 . 15
St. Leo, FL 95 -.055 .61 . 113 .27
Savannah, GA 120 - . 089 .34 -.160 . 08*
Covington, LA 97 . 082 .43 .250 . 01**
Biloxi, MS 97 -.001 .94 - . 004 .92
Edenton, NC 94 -.011 0000 .105 .32
Monroe, NC 95 .202 . 05** . 178 o 00 *
Mt. Airy, NC 98 -.066 .52 - . 058 .58
Holdenville, OK 89 -.050 . 65 -.051 .64
Okemah, OK 78 -.006 .91 . 087 .46
Anderson, SC 89 .113 .29 . 053 .63
Charleston, SC 120 - .200 . 03** . 016 .84
Rogersville, TN 99 .243 . 02** . 058 00m
Tullahoma, TN 96 . 149 . 14 .252 . 01**
Albany, TX 89 . 048 . 66 . 183 COo
Brenham, TX 89 . 022 . 82 . 073 . 50
Corsicana, TX 89 .236 . 02** . 088 .42
Hallettsville, TX 98 .156 . 12 . 162 .11
Lampasas, TX 89 - . 183 . 08* - . 023 . 82
Luling, TX 89 - . 074 . 50 .250 . 02**
Mexia, TX 86 .232 . 03** . 031 .77
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Figure 4.3. Annual Frequency Series of 75 mm Events at 
Charleston, South Carolina (1871-1990); Biloxi, Mississippi 
(1894-1990); and Rogersville, Tennessee (1892-1990).
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Mississippi site represents a frequency series with 
essentially no trend. It appears, however, that some 
clustering of events is evident centered on about 1910, in 
the late 1940s and 1950s, and again in the late 1980s which 
suggests some temporal persistence at the decadal time scale. 
Rogersville has an increasing trend in the time series of 
events despite the enormous interannual variability. 
Nevertheless, storms appear to be increasing since the latter 
the half of this series experienced over twice the number of 
events as the former.
At the 125 mm threshold, three sites (Covington, 
Louisiana, Tullahoma, Tennessee, and Luling, Texas) have 
significant trends at an a of < . 05 and three others
(Savannah, Georgia, Monroe, North Carolina, and Albany, 
Texas) are significant at .05 < a < .10. Of these, all 
trends were increasing except for Savannah, Georgia. Three 
sites are selected for graphical display in Figure 4.4 using 
the same criteria as with 75 mm events. Despite the period 
of missing data from 1969 through 1971 for the Savannah time 
series, there are clearly more years in the latter half of 
the series with no recorded events which contributes to its 
significantly decreasing trend. Also, like Charleston, South 
Carolina in the previous figure, it appears that the there is 
a cluster of years prior to the turn of the century when 
events were occurring more frequently. Again, Biloxi is the 
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Figure 4.4. Annual Frequency Series of 125 mm Events at 
Savannah, Georgia (1871-1990); Biloxi, Mississippi (1894- 
1990); and Tullahoma, Tennessee (1895-1990).
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Although the total number of recorded events is relatively 
small, Tullahoma, Tennessee has the most significantly 
increasing trend in events over 125 mm. Like Rogersville at 
the 75 mm threshold, Tullahoma has over twice the number of 
events occurring during the latter half of the series.
Sites found to have significant trends at the 75 mm 
threshold are not the same locations as those with trends at 
the 125 mm threshold with one exception at Monroe, North 
Carolina. It is also interesting, however, and probably not 
coincidental, that the locations of the 75 mm and 125 mm 
pairs of extreme rs values selected for display are in 
proximity to one another. For example the two sites with the 
strongest decreasing trends are Charleston, South Carolina 
(at 7 5 mm) and Savannah, Georgia (at 125 mm) along the East 
Coast. These two sites also have records dating back to 1871 
which probably contributed to the similar findings, 
especially since it appears that the time series prior to the 
turn of the century had an abundance of events. Biloxi, 
Mississippi is the location with the least amount of temporal 
persistence at both thresholds. Finally, the locations with 
the strongest increasing trends are Rogersville (75 mm) and 
Tullahoma (125 mm) in Tennessee.
Figure 4.5 displays the geography of locations with and 
without significant temporal trends at both thresholds. 
Increasing trends of heavy rainfall at both thresholds 
collectively appear clustered in Texas and in eastern
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Figure 4.5. Locations in the Southeastern United States with
(and without) Significant Trends in Heavy Rainfall at 75 mm 
and/or 125 mm Thresholds.
Tennessee/western North Carolina. Although only three 
decreasing trends were detected, the significant results at 
Charleston and Savannah, suggest that there may be some 
spatial cohesiveness. Lampasas, Texas is the other location 
with a significant decreasing trend which is somewhat 
surprising given the number of sites with increasing trends 
in Texas. Cohesive regions without significant trends 
include Oklahoma and Arkansas extending southeast into 
Florida.
The geography of the detected trends warrants further 
examination and explanation. As a result, the sign (positive 
or negative) of the Spearman correlation coefficients at the 
75 mm base level are plotted in Figure 4.6 to determine if 
they lend further insight into these patterns. A cursory 
examination of the associations at the 12 5 mm was undertaken
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Positive Association N = Negative Association
Figure 4.6. Spatial Distribution of Positive and Negative
Spearman Correlation Coefficients of ANNUAL STORM FREQUENCY 
(75 mm) and YEAR.
and no distinct patterns were evident. It is therefore 
concluded that the number of storms was insufficient at the 
125 mm threshold to yield reliable results. Obviously, 
positive associations between the number of storms and year 
would suggest an increase in the frequency of storms through 
time while negative associations would suggest a temporal 
decrease.
Despite the number of insignificant associations, there 
appears to be at least some spatial coherence regarding the 
direction of the association at the 75 mm base level. 
Negative associations are clearly evident along the east 
coast and along the eastern Gulf of Mexico extending from 
Edenton around the Florida peninsula to Biloxi, Mississippi. 
Another area of negative associations is found in western 
section of the region in central Texas and Oklahoma.
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Positive associations are found in the north central portion 
of the region including Arkansas, Tennessee, northern 
Alabama, and eastern Texas.
A potential explanation for the observed geographic 
patterns of positive and negative rs values may be the 
expansion and contraction of the Bermuda High Complex (see 
Sahsamanoglou 1990) in the north Atlantic Ocean, especially 
in summer. In Chapter Three, heavy rainfall along the east 
coast was found to peak during summer months which is also a 
period of subtropical high pressure development and 
domination of mid-latitude airflow. During typical summers, 
the anticyclonic flow from the Bermuda High serves to pump 
moist and unstable tropical air into Florida and along the 
east coast. Coleman (1988) found, however, that during 
warmer than normal northern hemisphere summers, the Bermuda 
High tends to overintensify and expand as a result of the 
large temperature gradient between land and sea. He argued 
that since the sea surface warms slower than land masses, the 
gradient between land and sea is steep which strengthens the 
stabilizing influence of the Bermuda High on the region. 
Therefore, summer thunderstorms and rainfall are 
significantly diminished in Florida because the expanded 
Bermuda High results in increased subsidence and stability in 
the state. Similarly, Stahle and Cleaveland (1992) found 
that when the Bermuda High expands and ridges westward into 
the southeastern United States in spring, rainfall in
Georgia, South Carolina, and North Carolina is significantly 
below normal. Coleman (1988) and Stahle and Cleaveland
(1992) both concluded that during these periods of over 
intensification and westward migration of the Bermuda High, 
low-level moisture advection from the tropics that is 
typically directed toward Florida and the East Coast is 
pushed farther west and south. Since northern hemispheric 
temperatures have been above the long-term average since
about 197 8 (Hansen and Lebedeff 1988), the negative Spearman 
associations along the Atlantic coastal region may be related 
to the fact that most of the last decade (or more) of these 
time series were dominated by an overintensified and expanded 
Bermuda High that ridged farther to the west than normal. 
This may also help to explain why the region just to west 
(the central portion of the study area) has positive 
associations since this is the region destined to receive the 
moist unstable air advected from the tropics in such a
scenario.
This simple explanation may be questioned because annual 
storm data are analyzed and the seasonal cycles of the
Bermuda High and its impact on atmospheric stability can vary 
dramatically. For example, Stahle and Cleaveland (1992) 
found that spring and summer precipitation along the East 
Coast are often inversely related. This occurs because as 
the Bermuda High ridges far to the west in spring it causes 
dry conditions. It then drifts to the northeastern North
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Atlantic in late summer and moisture is then transported 
along the East coast around the western and southern fringe 
of the high leading to greater instability and above normal 
summer precipitation. Hence, dry springs are typically 
followed by wet summers. The opposite is also true where wet 
springs are typically followed by dry summers when the 
Bermuda High fails to develop fully in the spring and then 
builds over the region in summer. Temporal analysis of the 
Bermuda High over the last century by Stahle and Cleaveland 
(1992) has shown increases in spring precipitation and 
decreases in summer. They found that the Bermuda High ridged 
strongly westward during spring seasons for several decades 
prior to 1940 and Georgia, South Carolina, and North Caroline, 
experienced dry springs followed by wet summers. Since 1940, 
however, seasonal rainfall tendencies changed because the 
western edge of the Bermuda High was shifted farther east in 
spring and significantly farther west in summer, leading to 
greater precipitation totals in spring followed by dry 
summers. This is in agreement with these findings involving 
storms since East Coast heavy rainfalls primarily occur in 
summer and show decreases over the last century. It is 
assumed, however, that any analysis of the Bermuda High and 
its relation to heavy rainfall must be conducted seasonally 
and seasonal trends are further explored in Chapter Five.
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4.3 ASSOCIATIONS OF HEAVY RAINFALL WITH 
ANNUAL TEMPERATURES AND PRECIPITATION
Several studies have searched for correlations between 
temperature and precipitation totals. For example, Madden 
and Williams (1980) found that summer temperatures and 
rainfall tend to have a negative association over the 
conterminous United States with the exceptions of states 
along the east and west coasts. Winter correlations were 
found to be more complex with large distinct areas of 
negative and positive associations. Also, several studies 
have used analog approaches (see Lamb 1987) to assess the 
relationship between these variables generally for purposes 
of creating precipitation scenarios for global warming 
conditions (Rind and Lebedeff 1984; Wigley et al. 1980; Diaz 
and Quayle 1980). For the southeastern United States, 
however, it is unsettling that results from these studies 
contradict each other which is likely because of varying 
methods used to determine analog periods in the historical 
record. However, it should be noted that most general 
circulation models are predicting a wetter Southeast under 
elevated-C02 conditions (Smith and Tirpak 1989).
To attempt to find explanations for the observed 
temporal variability, the annual frequencies of events are 
examined relative to annual temperature data. Despite the 
aforementioned problems, investigation of heavy rainfall and 
its relation to temperature is warranted because a number of
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studies have found (or at least speculated on) associations 
between hemispheric temperatures and heavy rainfall events 
(Yu and Neil 1993; Keim and Muller 1992) and weather 
catastrophes (Changnon and Changnon 1992). As a result, this 
section investigates the interrelationships between annual 
frequencies of heavy rainfall events and annual temperatures 
(both for the northern hemisphere and locally).
Associations with annual precipitation are not analyzed 
since correlation of heavy rainfalls and annual rainfall 
represents an "incestuous relationship," where one variable 
is partly determined by the other (Kite 1989). Nevertheless, 
cursory examination of these variables suggests that years 
with greater frequencies of events tend to have higher annual 
rainfall totals; a fairly obvious conclusion.
Significant trends (both positive and negative) in 
annual rainfall are detected using Spearman correlation of 
rainfall and year at five of the 27 sites; Muscles Shoals, 
Alabama (rs =.364, p = .01), Belle Glade, Florida (rs = -.279, 
p = .02), Covington, Louisiana (rs = .227, p = .03),
Hallettsville, Texas (rs =.1993, p = .05) and Mexia, Texas (rs 
= .23 6; p = .03) . Further evidence for these observed
significant trends in annual rainfall are partly provided by 
Coleman (1980) who reported increased aridity in the Florida 
peninsula since about 1960, supporting the decreasing trend 
at Belle Glade. Furthermore, Keim et al. (1994) reported
significantly increasing trends in annual rainfall totals in
seven of the nine climate divisions within Louisiana, 
corroborating the trend found at Covington and to a lesser 
extent, the trends found at Mexia and Hallettsville, Texas. 
Interestingly, two of the five sites (Belle Glade and 
Hallettsville) have significant trends in annual rainfall but 
no associated significant trends in storm frequencies at 
either threshold level. Similarly, Yu and Neil (1991; 1993) 
found that high intensity rainfalls have occurred despite 
periods of low to average rainfall in southeastern Australia 
and that significantly decreasing trends in annual rainfall 
amounts were not accompanied by a decrease in the number of 
heavy rainfalls in the southwestern part of the country.
4.3.1 Relations between Annual Northern Hemisphere 
Temperatures and Annual Heavy Rainfall Event Frequencies
Spearman correlation coefficients are derived to measure 
the association between annual Northern Hemisphere 
temperatures and the annual number of recorded storms at all 
27 station locations (Table 4.2). The Spearman test is used 
primarily because the heavy rainfall event data are measured 
by enumeration which renders the data inappropriate for the 
more powerful Pearson method of correlation. Results show 
that only two sites have significant relationships at the 75 
mm threshold and four at the 125 mm threshold at an a level 
of < .10 and there does not appear to be any spatial cohesion 
to these findings. Also, there is little or no geographical 
pattern to the direction (positive or negative) of the
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Table 4.2. Associations Between the Annual Number of Heavy 
Rainfall Events and Average Northern Hemisphere Temperatures.
LOCATION n
75 mm 125 mm
P P
Muscle Shoals, AL 50 .030 . 84 -.070 .63
Talladega, AL 94 - . 130 .21 -.012 COCO
Conway, AR 99 -.004 .92 -.038 .72
Pocahontas, AR 96 - . 060 . 57 -.120 .24
Apalachicola, FL 87 - . 007 .91 -.115 .29
Belle Glade, FL 66 -.008 .91 - . 198 .11
St. Leo, FL 95 . 073 .49 -.036 .73
Savannah, GA 120 - . 077 .44 - . 113 .24
Covington, LA 97 .147 .15 .259 . 01**
Biloxi, MS 97 -.024 .80 . 026 .79
Edenton, NC 94 - . 062 .56 - . 046 . 66
Monroe, NC 95 .207 .04** . 118 .26
Mt. Airy, NC 98 -.080 .44 -.009 .89
Holdenville, OK 89 . 027 .79 -.021 .83
Okemah, OK 78 . 077 .51 . 013 . 88
Anderson, SC 89 -.060 . 58 . 008 .90
Charleston, SC 120 -.055 .57 -.005 . 91
Rogersville, TN 99 .129 .21 . 147 . 15
Tullahoma, TN 96 . 070 . 51 .208 . 04**
Albany, TX 89 .153 . 15 . 178 .09*
Brenham, TX 89 - . 036 .74 . 086 .43
Corsicana, TX 89 . 051 . 64 . 015 .86
Hallettsville, TX 98 . 096 .35 . 112 .27
Lampasas, TX 89 - . 087 .42 . 076 .49
Luling, TX 89 - . 141 .19 . 184 . 08*
Mexia, TX 86 .207 . 05** . 068 . 54
Weatherford, TX 94 . 055 . 60 . 001 1. 00
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association (Figure 4.7) at the 75 mm threshold. Therefore, 
it is concluded that temperature at the hemispheric scale 
helps little in explaining the observed spatial and temporal 
patterns of heavy rainfall across the region. It should be 
noted, however, that events over the 125 mm threshold at 
Covington, Louisiana show the strongest association, which 
somewhat concurs with results reported by Keim and Muller 
(1992) in New Orleans where there appeared to be an 
association between storm magnitudes and northern hemisphere 
temperatures.
4.3.2 Relations between Annual Local Temperatures and Annual 
Heavy Rainfall Event Frequencies
Although temperatures at the hemispheric scale assisted 
only marginally in the interpretation of heavy rainfalls, 
this does not suggest that local temperatures have no 
explanatory power. Coleman (1982) provided some support for 
this hypothesis by finding a relationship between regional 
temperatures in the Florida peninsula and seasonal rainfall 
totals. He concluded that winter precipitation has decreased 
as result of a temperature decline and that fall 
precipitation had also decreased primarily as a result of the 
suppression of tropical cyclonic activity in the area also 
resulting from cooler temperatures.
Spearman correlation results between annual frequencies 
of heavy rainfalls and annual temperatures from each site are 
presented in Table 4.3. Sites with significant associations
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Positive Association N = Negative Association
p* *
Figure 4.7. Spatial Distribution of Positive and Negative
Spearman Correlation Coefficients of ANNUAL STORM FREQUENCY 
and NORTHERN HEMISPHERE TEMPERATURE. See text for 
explanation.
between these variables at a levels of < .10 and < .05 are 
denoted with either one or two asterisks, respectively. As 
shown for events at the 75 mm base level, four of the 27 
sites display significant results at a levels of < .05 while 
three others are significant at .05 < a < .10. At the 125 mm 
threshold, three sites have significant associations at < .05 
and three others at .05 < a < .10.
Graphical examples of annual 75 mm events and 
corresponding annual temperatures at Brenham, Texas, 
Pocahontas, Arkansas, and Apalachicola, Florida are provided 
in Figure 4.8. These three sites respectively represent the 
strongest negative association, the weakest association, and 
the strongest positive association between the number of 
heavy rainfall events and annual local temperatures. The
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Table 4.3. Associations Between the Annual Number of Heavy 
Rainfall Events and Local Average Annual Temperatures.
LOCATION n
75 mm 125 non
ra P rs P
Muscle Shoals, AL 50 . 139 .34 -.070 .63
Talladega, AL 94 -.175 o * -.040 .71
Conway, AR 99 -.078 .46 . 093 .38
Pocahontas, AR 96 . 003 .92 - . 036 .72
Apalachicola, FL 87 .281 . 01** -.039 .72
Belle Glade, FL 66 - . 124 .32 .236 .05**
St. Leo, FL 95 .048 .65 . 045 .67
Savannah, GA 120 - . 061 .54 . 046 . 64
Covington, LA 97 -.026 .79 -.001 .94
Biloxi, MS 97 .105 .31 . 041 . 69
Edenton, NC 94 . 172 . 09* . 071 . 51
Monroe, NC 95 .033 .74 . 024 .80
Mt. Airy, NC 98 .071 . 50 . 058 .58
Holdenville, OK 89 -.151 .15 . 012 . 88
Okemah, OK 78 -.103 .38 -.042 .71
Anderson, SC 89 -.069 .53 -.071 .52
Charleston, SC 120 . 061 .53 . 160 .09*
Rogersville, TN 99 - . 187 . 07* - . 127 .22
Tullahoma, TN 96 . 067 .53 . 147 .15
Albany, TX 89 -.155 . 14 . 011 . 86
Brenham, TX 89 -.482 . 00** - . 059 .59
Corsicana, TX 89 -.303 . 00** -.216 . 04**
Hallettsville, TX 98 -.342 . 00** - . 168 . 09*
Lampasas, TX 89 - . 058 . 60 - . 022 . 82
Luling, TX 89 - . 104 .33 - .213 . 04**
Mexia, TX 86 - . 159 . 14 -.207 . 06*
Weatherford, TX 94 - . 033 .75 . 021 . 82
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Figure 4.8. Annual Storm Frequencies and Annual Local 
Temperatures at A) Brenham, Texas, B) Pocahontas, Arkansas, 
and C) Apalachicola, Florida.
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associated temperature data displayed are smoothed using a 
five-year unweighted moving average (Mather 1977) to filter 
some of the interannual variability, but the Spearman 
correlation analysis is conducted on the raw annual data 
only. Problems associated with unweighted moving averages 
and alternatives are addressed by Howarth and Rogers (1992), 
Reynolds (1978), and Panofsky and Brier (1968), and are 
recognized. Since the smoothing of the time series data is 
used for visual purposes only, however, potential problems 
are not considered serious.
At Brenham, Texas (A) , the inverse correlation is 
especially apparent from 1907-1917, and 1940-1960 where 
short- and long-term peaks and troughs in the temperature 
series are accompanied by a response in the frequency series 
where low temperatures appear to lead to greater frequencies 
of events and vice-versa. Annual temperatures and storm 
frequencies from Pocahontas, Arkansas (B) show that there is 
essentially no relationship between the variables. Finally, 
Apalachicola, Florida data (C) display a positive 
association. The last 15 years of the series provides the 
best example where storm frequencies appear to decrease and 
then increase in accord with temperature fluctuations.
The spatial distribution of the significant 
associations, and the direction (either positive or negative) 
of all associations, for the events over the 75 mm base level 
are shown in Figure 4.9. Again, the significant associations
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Figure 4.9. Spatial Distribution of Positive and Negative
Spearman Correlation Coefficients of ANNUAL STORM FREQUENCY 
and LOCAL TEMPERATURE. See text for explanation.
are denoted with asterisks. Although the pattern in the 
eastern half (or more) of the region has little spatial 
cohesion, the exclusive dominance of negative associations in 
Texas and Oklahoma (with three sites having significant 
associations) is noteworthy because it is likely that the 
seasonality of events account for the level of association 
with local temperatures. The observed pattern in Texas and 
Oklahoma is probably the result of the relatively high 
proportion of frontal events that occur in these states. The 
negative association indicates that there are more heavy 
rainfalls during colder periods. This may suggest that when 
the area is more frequently located on the northward side of 
the polar front, more frequent frontal passages occur which 
increases the opportunities for rainstorms. This may also 
help explain why the associations are not as cohesive in the
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eastern part of the study area as the seasonality shifts from 
a regime of winter/spring maxima in peak frequency to summer 
peaks. In contrast, the two sites with significant positive 
associations (Apalachicola, Florida and Edenton, North 
Carolina) are coastal and in a region dominated by summer 
peaks in storm frequencies, suggesting that the increased 
temperatures may be leading to increases in atmospheric 
instability thus increasing the number of airmass-induced 
storms. Also, there is potential for increases in the 
frequency of tropical disturbance-induced events since 
Coleman (1988) and Simpson and Hebert (1973) both contend 
that years with elevated sea surface temperatures may lead to 
increased development of tropical storms.
4 . 4 SUMMARY
This chapter addressed spatial variability of heavy 
rainfalls, tested the time series data for trends, and 
searched for associations between the annual number of heavy 
rainfall events and temperature at the hemispheric and local 
level. Spatial variability of heavy rainfall events at the 
27 sites across the region strongly supported the findings in 
Chapter Three where the central Gulf Coast was the area with 
maximum frequencies on an average annual basis and central 
Texas and the Appalachian region received the fewest. 
Analysis of temporal trends found significant results at a
number of sites and some spatial cohesion in the direction 
(either positive or negative) of the Spearman correlation 
coefficients between the number of annual events and year. 
The East Coast is dominated by negative associations with 
areas farther west primarily having positive associations. 
This spatial pattern may be related to fluctuations in the 
strength and migration of the Bermuda High. Associations of 
heavy rainfall frequencies with northern hemisphere 
temperatures showed only a weak relationship across the 
region as a whole. Local temperatures, however, were 
significantly negatively correlated with storm frequencies at 
a number of sites in Texas where spring and fall fronts 
produce the majority of events. In contrast, significant 
positive relationships between these variables were found at 
coastal sites in the east where summer peaks in heavy 
rainfall activity are dominant. This may be the result of 
increased airmass- and tropical disturbance-induced storm 
activity. Subsequent analysis in Chapter Five may resolve 
this question.
CHAPTER FIVE
HEAVY RAINFALL TRENDS BY 
SEASON AND SYNOPTIC WEATHER TYPE
To analyze temporal trends of heavy rainfall events 
within the Southeast region in greater detail, storm event 
frequencies are investigated both by season and by synoptic 
weather type. Because of the large number of potential 
seasonal time series (27 sites * 4 seasons * 2 thresholds) 
and time series of events for the individual synoptic weather 
categories (8 sites * 3 weather types), only events over the 
75 mm threshold are examined at a sample of four sites in the 
region. The sites selected include Hallettsville (Texas), 
Covington (Louisiana), Belle Glade (Florida) and Edenton 
(North Carolina). These sites were chosen because they 
represent a wide range of heavy rainfall climatologies and 
include adequate numbers of events during each season. 
Furthermore, the events at these sites are synoptically 
partitioned (from Chapter Three) with adequate numbers of 
non-frontal events to examine. Each season at each of the 
four locations is investigated for trends in heavy rainfall. 
In addition, the partitioned data (by synoptic weather type) 
are analyzed for trends through the use of more sophisticated 
statistical techniques than previously implemented.
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5.1 TRENDS BY SEASON
Long-term trends in heavy rainfall events within each 
season are analyzed at the four selected sites. Seasonal 
trends are investigated because it is possible for an 
increasing trend in one season to be offset by a decreasing 
trend in another when analyzing annual data only. Findings 
as such may lend important insight into changing patterns of 
macro- and meso-scale spatial phenomena which impact 
frequencies of heavy rainfall events. Therefore, storms 
during each season are investigated independently. The 
seasons are partitioned as follows, winter (December, 
January, February); spring (March, April, May); summer (June, 
July, August); and fall (September, October, November). 
Since the winter season includes months that straddle annual 
boundaries, Decembers are analyzed with the following 
calendar year. For example, December of 1980 is grouped with 
January and February of 1981 and together are plotted as the 
1981 winter season.
These data are again tested for trend using the Spearman 
correlation of year and the number of events during the 
season in question for that year (Table 5.1). Using summer 
events at Covington, Louisiana for example, all events during 
summer for each year would be correlated with the year in 
which they occurred. Testing these data in this manner may
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assist in the interpretation of larger-scale spatial 
phenomena which may be contributing to the temporal patterns.
Table 5.1. Spearman Correlation (ra) of Year and Heavy 






Fall .243 . 02**
Covington, Louisiana
Winter .245 . 02**
Spring . 072 .49
Summer - .214 . 03**
Fall .124 .23
Edenton, North Carolina
Winter -.172 . 09*





Spring - . 009 . 90
Summer - . 059 . 65
Fall - .252 . 04**
Each of the four sites has a statistically significant 
trend (at an a level of < .10) in at least one season.
Interestingly, opposing trends in winter events are found at 
the sites of Covington (positive) and Edenton (negative) and
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in fall events at Hallettsville (positive) and Belle Glade 
(negative). These results suggest that the opposing trends 
may have some association where frequencies in areas along 
the East Coast are inversely related to those of the region 
farther to the west. This supports the hypothesis of Coleman 
(1988) and Stahle and Cleaveland (1992) who suggest that the 
Bermuda High has decreased rainfall along the East Coast and 
increased rainfall opportunities farther to the west in 
recent years.
Results at Covington are of particular interest because 
of the opposing seasonal trends. Overall, at the 75 mm base 
level, no significant trend was found in the number of events 
on an annual basis (Section 4.2.1). This may be because a 
significantly increasing trend in winter events is being 
offset by a decreasing trend in summer events (Figure 5.1). 
The cluster of winter events is particularly impressive 
during the last decade of the series when 17 events occurred 
in 10 years. By contrast, a conspicuous decline in the 
number of summer events began near 1947 despite some evidence 
for increased frequencies since 1986. These results at 
Covington may be partially explained by observed temperature 
departures in the Southeast over the last century. Several 
sources (i.e., Muller et al. 1991; Boden et al. 1990; McCabe 
1988) indicate that southeastern United States temperatures 
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Figure 5.1. Frequencies of Heavy Rainfall Events by Season 
at Covington, Louisiana: 1894-1990.
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which is likely the result of amplified meridional flow 
across the northern hemisphere (McCabe 1988).
Trenberth (1990) also reported a shift to more 
meridional flow in 1977 which is likely associated with the 
increase in frequencies. The below-normal temperature data 
suggest a southward shift of the polar front which may bring 
more frequent frontal passages to the area. This may be 
particularly relevant to the cluster of winter events (which 
are predominately frontal) in the last decade. Cooler summer 
temperatures may also lead to fewer airmass-induced storms. 
A similar temporal pattern was also documented by Keim and 
Muller (1993), but for annual data exceeding a 125 mm 
threshold at New Orleans, Louisiana.
Accordingly, these results suggest that there may be 
trends (both positive and negative) in events by the varying 
synoptic weather types. With cooler temperatures for 
example, there may be increasing frequencies of frontal 
passages but decreasing numbers of airmass storms which would 
obscure analysis of trends in annual data for all storm types 
collectively. Further analysis of storms by the individual 
weather types is therefore warranted.
5.2 TREND ANALYSIS OF HEAVY RAINFALLS BY 
SYNOPTIC WEATHER TYPE
The annual data analyzed in Chapter Four, which includes 
storms of all origins, were determined impermissible for
linear regression analysis due to use of enumerated data and 
the potential for mixed distributions. However, analysis of 
interarrival times (length of time between events) of the 
synoptically-partitioned data from Chapter Three may remove 
the statistical assumption violations. More powerful and 
efficient statistical tests would then be appropriate under 
these circumstances. Since the potential for physically- 
based mixed distributions was detected in some of the 
truncated storm series, each synoptic weather class (frontal, 
tropical disturbance, and airmass) is analyzed individually 
to ensure data homogeneity and use of interarrival times 
removes the "counts of storms" data problem. To evaluate 
whether heavy rainfall events have a pattern of increasing 
occurrence though time, regression analysis of intervals 
(defined as the number of days between successive events) is 
used on the partitioned data series with Poisson 
distributions. Advantages of using linear regression on 
Poisson data are that successive values (storm events) are 
known to be independently distributed and the probability 
distribution is moderately non-normal. Therefore, the first 
two moments of the regression hold exactly and the t- and F- 
tests hold to a good approximation (Cox and Lewis 1966) .
The Poisson process rests upon two underlying 
principles: the number of events occurring in time is
independent of its previous history, and no more than one 
event can occur in a short interval of time (Ashkar and
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Rouselle 1983a) . In this case, the Poisson model represents 
the number of randomly-occurring rare storm events over a 
fixed threshold. The definition of "rare, " as used above, is 
somewhat arbitrary but the general rule is that the fixed 
threshold should be set so that no more than two to three 
exceedences occur every year on the average (Ashkar and 
Rouselle 1987). As shown in Figure 3.3 in Chapter Three, the 
upper limit of average annual occurrence rates for individual 
synoptic weather types is 2.59 (frontal events at Covington, 
Louisiana), clearly within an appropriate range. Since 
frequencies of rare events often take the form of a Poisson 
process (Keller et al. 1988; Van Tassel 1981), testing these 
partitioned data for the Poisson assumption is clearly a 
plausible hypothesis.
5.2.1 Tests for the Poisson Distribution
In the Poisson distribution, there is equality of the 
mean and variance represented by the parameter X. As a 
consequence, the ratio of the sample mean and variance (R), 
which is distributed as a %2 variable, can be used as a test 
statistic (Cunnane 1979). Using guidelines proposed by 
Cruise and Arora (199 0), the R values of the annual frequency 
data sets are tested against a critical R value (Rc) which is 
obtained from (%2aN-l)/(N-l), where the one-tailed a level 
used is .10 and N represents the number of years in the 
sample. An a of .10 (rather than the customary .05) makes it
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easier to reject the null hypothesis which is that the sample 
mean and variance are equal. Hence, there is greater 
certainty that the data are Poisson distributed. The test 
was initially performed on the synoptically-partitioned data 
sets of events over the 75 mm truncation level (Table 5.2). 
If a series was rejected at .10, then the test was performed 
successively, gradually raising the heavy rainfall threshold 
level (in increments of 5 mm) until the data series was not 
rejected.
Table 5.2. Results of Poisson Tests on Annual Means and 
Variances of Heavy Rainfall Events Partitioned by Weather 










Hallettsville 92 1.15 1.19 1.03 >1.19 Accept
Covington 92 2 .59 3 .02 1.17 >1.19 Accept
Edenton 92 1.25 1.18 0.94 <.82 Accept
Belle Glade 66 1.12 . 92 . 82 <.78 Accept
TROPICAL DISTURBANCE EVENTS
Hallettsville 92 .18 .15 .83 <.82 Accept
Covington 92 .42 .42 1. 00 >1.19 Accept
Edenton 92 .29 .32 1.10 >1.19 Accept
Belle Glade 66 . 88 1.11 1.26 >1.23 Rej ect
AIRMASS EVENTS
Hallettsville 92 .24 .25 1. 04 >1.19 Accept
Covington 92 .32 .42 1.31 >1.19 Rej ect
Edenton —
Belle Glade 66 .45 .43 .95 <.78 Accept
Ill
Tropical disturbance events at Belle Glade and airmass 
events at Covington are the only two data series initially 
rejected and Table 5.3 displays the results for these two 
cases using higher base levels. Tropical disturbance events 
at Belle Glade were accepted as Poisson distributed at a base 
level of 90 mm while airmass events at Covington were 
accepted at 95 mm. It is worth noting that once a truncation 
level is found to be Poisson admissible, the data should 
remain so at any higher level of truncation (Ashkar and 
Rouselle 1983b).
Table 5.3. Results of Poisson Tests on Rejected Series using 













66 . 64 . 60 .94 <.78 Accept
Covington/
Airmass
92 . 15 . 15 1.0 >1.19 Accept
5.5.2 Tests for Trend
The previous section concluded that nine of the 11 
synoptically-partitioned heavy rainfall event series 
satisfactorily met the conditions for a Poisson process at 
the 75 mm truncation level. Belle Glade topical disturbance 
events and Covington airmass events were Poisson distributed 
at higher base levels of 90 mm and 95 mm, respectively. 
These series of events are now associated with a parametric
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distribution which enables more rigorous analysis than 
provided by the Spearman test for trend.
Using a modification of guidelines proposed by Cox and 
Lewis (1966), these data were tested for any gradual trend in 
the rate of occurrence through an analysis of the intervals 
(in days) between successive events using standard linear 
regression analysis. This method regresses the natural log 
of the intervals between successive events (Yi), or 
successive groups of events (in days), on the independent 
variable (Xi) which is the cumulative frequency of days (or 
the mid-point of Yi with grouped data) from the occurrence of 
the first event. In essence, testing of the data in this 
manner determines whether X varies through time.
The series to be analyzed must begin with the onset of 
an event (rather than from the point from which data are 
first available) because the length of time from some 
arbitrary point to the first event does not belong to the 
same distribution of intervals between events (Cox and Lewis 
1966) . The natural log transformation of the intervals is 
performed to ensure a constant known variance of Yi. The 
last point to be addressed is the grouping of intervals and 
the efficiency of the test when using least squares methods 
on non-normal distributions. Problems exist with the 
implementation of least square estimates of the y-intercept 
and slope rendering this method inefficient compared to all 
possible estimates. However, efficiency (in percent)
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increases as the intervals are grouped together and the
larger the number of intervals (g) placed in the group, the
greater the efficiency. In this analysis, however, the
number of intervals in a series ranges from 12 (airmass
events at Covington, Louisiana) to 237 (frontal events at
Covington, Louisiana) and grouping of some of the series
would have reduced the number of elements in the regression
analysis to unacceptable levels. Hence, the grouping
criteria used in this study is as follows;
if n < 20, then g = 1,
if 20 < n <  60, then g - 2,
if n > 60, then g - 4,
where the efficiency estimate of trend based on least squares
estimates of log intervals of g = 1, 2, and 4 is 61, 78, and
88 percent, respectively (Cox and Lewis 1966).
An illustration of this method is provided in Figure 5.2 
where time intervals between frontal events at Hallettsville, 
Texas are examined. Figure 5.2A displays the number of days 
between each frontal event that produced a storm rainfall 
total of 75 mm or more. Events in succession are plotted 
across the x-axis and the number days from the end of one 
event to the beginning of the next event in sequence is shown 
on the y-axis. Since the efficiency estimate of trend 
increases as intervals are analyzed in clusters, and the 
total number of intervals is 105, these events are clustered 
into groups of four. Therefore, in Figure 5.2B, the number 
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Figure 5.2. Frontal Events at Hallettsville, Texas: A)
Intervals Between Events, B) Intervals Within Clusters of 
Four, and C) Linear Slope.
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represents the summed number of days between clusters of four 
intervals. In other words, the first four bars in Figure 
5.2A are summed and are represented by the first bar in 
Figure 5.2B, and intervals 5 through eight in A are 
represented by the second bar in B, and so on. Since the 105 
intervals are not divisible by four, the interval nearest the 
center of the series, without interrupting a cluster in 
succussion, is omitted. The x-axis in Figure 5.2B no longer 
displays the intervals in succession, but rather time (in 
days) from the occurrence of the first event in the series, 
plotted at the mid-point of the cluster. In Figure 5.2C, the 
graph is again modified where the number of days in each 
cluster is transformed into its natural log (In) and is then 
plotted on the y-axis. This transformation technique is used 
to reduce the variance in the series and to ensure a constant 
known variance (Gox and Lewis 1966). Rather than bars, the 
data are plotted in point form along with the linear least 
squares fit.
Each of the series found to be Poisson distributed are 
processed in the above manner and Table 5.4 displays the 
results. The sign of the Pearson r (either positive or 
negative) indicates whether there is either a positive or 
negative association between the intervals between storms and 
time. A positive slope signifies that the time between 
events is increasing and that events are becoming less 
frequent. In contrast, a negative association indicates that
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the intervals between events are becoming shorter through 
time and that the frequency of events is temporally 
increasing.
Table 5.4. Results of Linear Regression Analysis of 
Intervals; g = number of intervals in group, n = cases 
included in regression, r = Pearson's correlation 








Hallettsville 105 4 26 -.37 .06*
Covington 237 4 59 -.16 .22
Edenton 114 4 28 .21 .28
Belle Glade 74 4 18 -.03 . 89
TROPICAL DISTURBANCE EVENTS
Hallettsville 16 1 16 -.17 .54
Covington 38 2 19 -.47 .04**
Edenton 26 2 13 -.33 .27
Belle Glade 43 2 21 .25 .27
AIRMASS EVENTS
Hallettsville 21 2 10 - . 03 . 93
Covington 12 1 12 . 53 . 07*
Edenton - - - _ _ - - - -
Belle Glade 29 2 14 - . 13 . 65
The primary goal of this research is to gain an 
understanding of trends of heavy rainfall events over the 
last century based upon empirical records. Since interannual 
variability is great within the observed data, inferences 
made beyond the periods of record are limited. Therefore,
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the slope component of the regression models and their 
probabilities of significance are considered valid for the 
period of record under examination only. Extrapolating the 
derived slopes beyond the periods of record is not 
recommended since this would assume that storm frequencies 
would continue to increase (to infinity) or decrease (to 
zero) along the derived lines of best fit (Woodward and Gray 
1993) . However, these results may lend insight into past and 
future frequencies of heavy rainfall events and may assist in 
efforts of long-range forecasting and reconstruction of past 
storm event probabilities.
Only tropical disturbance events at Covington have a 
trend significant for a < .05 while frontal events at
Hallettsville and airmass events at Covington are significant 
at a < .10. It is interesting that Covington has no overall 
trend in events of all weather types collectively at 7 5 mm 
but nested within this series of storms is a significantly 
decreasing number of airmass events while events produced by 
tropical disturbances are significantly increasing with time. 
The decreasing frequency of airmass events also supports the 
significantly decreasing trend in summer events at this site.
The slope directions for the three weather types 
indicate that there is little or no spatial cohesion even 
within individual weather types. This suggests that a study 
area this size has subregions, each responding differently to 
local, regional and hemispheric climate forcing mechanisms.
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For example, the regression slopes suggest that frontal 
events have some increasing temporal tendency in occurrence 
at all sites except Edenton, tropical disturbance events have 
increasing tendencies at all sites except Belle Glade, and 
airmass events are decreasing in frequency only at Covington.
Although potential causes for these patterns are not 
well understood, the anomalous period of high global and 
Northern Hemisphere temperatures beginning in the late 197 0s, 
changes in sea surface temperatures (SST), and the relative 
strength of the Bermuda High may be influencing the observed 
significant trends in tropical disturbance events at 
Covington and frontal events at Hallettsville. Hansen and 
Lebedeff (1988) have shown that Northern Hemispheric 
temperatures have been anomalously warm since the late 197 0s 
and this pattern still persists today to some extent. 
Similarly, Folland et al. (1984) demonstrated that SSTs have 
been nearly in phase with periods of climatic warming and 
cooling since about 1900, but not prior to that time. 
Furthermore, Wendland (1977) concluded that frequencies of 
tropical storms and hurricanes increase with warmer SSTs and 
Emanual (1987) demonstrated that higher SSTs may lead to the 
development of hurricanes of greater intensity. Further 
support is provided by Coleman (1988) who found a 25 percent 
increase in the formation of tropical disturbances affecting 
Florida during higher SST years and Hobgood and Cerveny 
(1988) found that ice age tropical storms (18,000 years BP)
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were apparently far weaker than contemporary storms as a 
result of the cooler climatic conditions. Therefore, the 
anomalously high Northern Hemisphere temperatures over the 
last ten to 15 years may be encouraging the intensification 
of the Bermuda High by increasing the land-ocean temperature 
gradient and developing a stronger Hadley circulation, and 
higher SSTs may be leading to greater than normal frequencies 
and intensities of tropical disturbances. The intensified 
Bermuda High would therefore encourage tropical flow to move 
south and west of Belle Glade (hence the positive slope 
indicating a decrease in occurrence of events) and may be 
directing tropical systems toward the central and western 
Gulf coast region. This may explain why Covington has a 
significantly increasing number of tropical disturbance 
events.
The intensified Bermuda High may also explain the 
increase in frontal events at Hallettsville. As the Bermuda 
High intensifies, it ridges farther to the west than normal 
(Stahle and Cleaveland 1992; Coleman 1988). This situation 
may provide a blocking high pattern which may be causing 
frontal systems approaching from the west and northwest to 
stall (or at least slow their eastward progress) in the 
western portion of the study area. Furthermore, Agee (1991) 
and Reitan (1979) report that cyclone frequencies are 
elevated during periods when Northern Hemisphere temperatures 
are above normal which has been the case for the past decade
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or more which may be further contributing to the trend. A 
similar atmospheric configuration led to the 1993 Midwest 
flooding crisis. In this situation, an expanded Bermuda High 
in summer provided a blocking pattern which led to drought in 
much of the Southeast, record summer temperatures along the 
East Coast, and stalled frontal systems accompanied by heavy 
rains and flooding in the Midwest.
5 .3 SUMMARY
This chapter examines temporal trends in heavy rainfall 
events by season and by synoptic weather type. It was found 
that each of the four sites examined had a significant trend 
in at least one season, suggesting that trends in individual 
weather types may be present. There were also significant 
trends in opposing directions in the same season identified 
with East Coast sites having trends in the opposite direction 
of those farther to the west. This supports the hypothesis 
that the Bermuda High may be influencing the observed spatial 
patterns. Analysis of trends in storms derived by the three 
weather types were conducted on series of storms with Poisson 
distributions. Linear regression of the interarrival times 
between events revealed significantly increasing trends in 
Frontal events at Hallettsville and in Tropical Disturbance 
events at Covington and a significant decreasing trend in 
Airmass events was found at Covington.
CHAPTER SIX 
MAGNITUDE ANALYSIS OF HEAVY RAINFALL
Changing magnitudes of rainstorms in the Southeast are 
analyzed through time series of the annual maximum storm 
events at each site. An annual maximum storm event is 
defined as the greatest summed total of precipitation for any 
two consecutive observational days during a calendar year. 
Annual series storm data (of various durations) are often 
used in the derivation of storm exceedence probabilities 
(Dunne and Leopold 1978) and examples are provided by 
Hershfield (1961), Huff and Angel (1992), and Naghavi (1993). 
Other uses of annual maximum storm series data include the 
regionalization of precipitation climates (Schaefer 1990) and 
analysis of temporal variability of storm magnitudes (Keim 
and Muller 1992).
The objective of this chapter is to determine whether 
long-term trends in storm magnitudes exist within the annual 
series data in the Southeast and to examine whether local 
temperatures are related to these magnitudes. Also, the 
spatial variability of the annual series storm magnitude 
medians, and minima and maxima at each location are analyzed.
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In addition, the 25 greatest storm events recorded at the 27 
sites across the region are tabulated and discussed.
6.1 TREND ANALYSIS OF STORM MAGNITUDES AND ASSOCIATIONS
WITH LOCAL TEMPERATURES
As in Chapter Four, the Spearman test is used to detect 
trends because use of the more powerful Pearson test requires 
input of interval-ratio data and assumes data homogeneity. 
The Spearman test is used to measure the association between 
the magnitude of each annual storm event and the year in 
which it occurred. If there is a significant association 
between these variables, then a trend is detected. The 
Spearman test is also used to determine the level of 
association between the magnitude of each storm and the 
average annual temperature at each site. Although an annual 
maximum storm event in this region would never equal zero 
(hence the interval-ratio assumption is not blatantly 
violated), the potential for mixed distributions at the 
coastal locations (as discussed in Section 3.3.4) clearly 
violates the homogeneity assumption. As mentioned in Chapter 
Four, the Spearman test has 91 percent of the efficiency of 
the Pearson test in rejecting a null hypothesis (Siegel and 
Castellan 1988).
Table 6.1 displays the Spearman correlation coefficients 
and probability values for storm magnitude and year, and
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Table 6.1. Spearman Correlations of ANNUAL STORM MAGNITUDE 
and YEAR and ANNUAL STORM MAGNITUDE and LOCAL TEMPERATURE.
LOCATION n
Storm: Year Storm: Temp.
rB P P
Muscle Shoals, AL 50 . 089 .54 . 072 . 62
Talladega, AL 94 .066 .54 .004 .92
Conway, AR 99 .075 .48 -.043 00
Pocahontas, AR 96 .079 .45 -.102 .33
Apalachicola, FL 87 .001 .94 . 098 .37
Belle Glade, FL 66 -.174 .16 .071 .58
St. Leo, FL 95 .014 .86 -.044 . 67
Savannah, GA 120 -.104 .28 . 067 .49
Covington, LA 97 .240 .02** -.083 .43
Biloxi, MS 97 -.107 .30 . 020 .82
Edenton, NC 94 . 096 .36 .109 .30
Monroe, NC 95 .194 .06* - . 026 .79
Mt. Airy, NC 98 .008 .90 . 101 .33
Holdenville, OK 89 -.047 .67 .003 .93
Okemah, OK 78 .126 .27 - . 004 .92
Anderson, SC 89 .095 .38 -.058 .60
Charleston, SC 120 .124 .19 . 087 .37
Rogersville, TN 99 .273 . 01** -.223 . 03**
Tullahoma, TN 96 .151 .14 . 118 .26
Albany, TX 89 .145 . 17 - . 137 .20
Brenham, TX 89 . 061 .58 - .286 . 01**
Corsicana, TX 89 .172 .11 -.292 . 01**
Hallettsville, TX 98 . 137 .18 -.258 . 01**
Lampasas, TX 89 - . 109 .31 - . 067 .54
Luling, TX 89 . 133 .21 - . 126 .24
Mexia, TX 86 . 101 .36 -.279 . 01**
Weatherford, TX 94 . 118 .26 . 037 .76
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storm magnitude and temperature. Significant results at a 
levels of .10 and .05 are denoted by either one or two 
asterisks, respectively.
6.1.1 Trend Analysis of Storm Magnitudes
Significant trends (a < .10) were found at Covington
(Louisiana), Monroe (North Carolina), and Rogersville 
(Tennessee) only. Each of these significant temporal 
patterns represents an increasing trend (Figure 6.1). 
Although each site has tremendous interannual variability, 
the latter half of each series clearly shows an overall 
increase in storm magnitude over the former. At Covington, 
the four greatest storm events occurred in the first half of 
the series, but the number of events over 150 mm during the 
latter half of this series (20) is nearly twice that of the 
former (12). At Rogersville, there are only two events over 
100 mm during the first half of the series and 12 during the 
latter. It should be noted that the y-axis (magnitude) scale 
at Rogersville in Figure 6.1 is only half that of the other 
two sites because events at this location are relatively 
smaller.
Aside from the overall increase in storm magnitudes at 
Monroe and Rogersville, there appear to be distinct changes 
in the storm magnitude variability beginning in the early 
1940s, especially at Rogersville. Hence, it is likely that 
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Figure 6.1. Annual Maximum Storm Series for Covington, 




continuous long-term trend. This provides one example of the 
limitations of the Spearman test when analyzing trends in 
time series data, but nevertheless, the results are still 
valid.
There were no significant decreasing trends in storm 
magnitudes. Furthermore, only five of the 27 sites have 
negative Spearman associations between storm magnitude and 
year and these five locations appear to have little spatial 
cohesion (Figure 6.2). In the figure, significant trends at 
a levels of .10 and .05 are denoted with either one or two 
asterisks, respectively. As shown, there is a suggestion 
that the region as a whole may have a slight tendency toward 
increasing storm magnitudes since 22 out of 27 sites have 
positive associations between these variables. Furthermore, 
the proximity of Monroe and Rogersville (both with 
significant positive trends), in addition to the similar 
temporal patterns displayed in the two annual series, suggest 
that the forcing mechanisms may be the same at these 
locations.
6.1.2 Associations of Storm Magnitudes and Temperature
Table 6.1 also shows the relationship between annual 
storm magnitudes and local mean annual temperatures. 
Significant associations (at a < .05) are found at
Rogersville (Tennessee), and Brenham, Corsicana, 





Figure 6.2. Spatial Distribution of Positive and Negative
Spearman Correlation Coefficients of ANNUAL MAXIMUM STORM 
MAGNITUDE and YEAR. See text for further explanation.
significant results in Texas suggests that spatial coherence 
may exist. Figure 6.3 displays the spatial distribution of 
the significant associations, and the direction (either 
positive or negative) of all associations. The significant 
associations at a < .05 are denoted with two asterisks.
There were no sites with .05 < oc < .10. Although the
pattern in the eastern portion of the region has little 
spatial cohesion, the dominance of negative associations in 
Texas (with four being significant) is noteworthy because 
these results concur with findings from Chapter Four where 
storm frequencies are also associated significantly with 
local temperatures. As described in Section 4.3.2, it is 
likely that the seasonality of events account for this level 
of association and is probably the result of the relatively 
high proportion of frontal events that occur in this area. 
The negative association indicates that heavy rainfalls are
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Positive Association N = Negative Association
N**
Figure 6.3. Spatial Distribution of Positive and Negative
Spearman Correlation Coefficients of ANNUAL STORM MAGNITUDE 
and LOCAL TEMPERATURE. See text for further explanation.
of greater magnitude during colder periods. This may suggest 
that the area is more frequently located on the northward 
side of the polar front, leading to numerous frontal passages 
and a higher potential for frontal storms of greater 
magnitude to occur. Again, this may also help explain why 
the associations are not as cohesive in the eastern part of 
the study area, where the seasonality shifts from a regime 
where the largest storms occur in winter and spring to one 
that is dominated by summer events.
6.2 ANNUAL STORM MAXIMA DESCRIPTIVE STATISTICS
Summary statistics of the annual series data can be used 
to explore the spatial variability of storm magnitudes. 
Table 6.2 displays the mean and median, in addition to the 
minimum and maximum event, of each annual series. The means
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Table 6.2. Means (mn), Medians (md), and Extremes (itiin, max) 
of the Annual Series Data at the 27 Locations in the 
Southeastern U.S. (in mm).
LOCATION n mn md min max
Muscle Shoals, AL 50 108 104 59 197
Talladega, AL 94 110 98 51 267
Conway, AR 99 112 105 65 204
Pocahontas, AR 96 106 101 51 230
Apalachicola, FL 87 154 149 43 385
Belle Glade, FL 66 125 114 60 279
St. Leo, FL 95 135 112 52 380
Savannah, GA 117 122 109 49 297
Covington, LA 97 132 129 55 299
Biloxi, MS 97 145 138 56 298
Edenton, NC 94 104 99 51 246
Monroe, NC 95 102 89 51 292
Mt. Airy, NC 98 92 86 46 265
Holdenville, OK 89 115 102 43 246
Okemah, OK 78 108 99 50 329
Anderson, SC 89 108 100 55 336
Charleston, SC 120 127 119 46 298
Rogersville, TN 99 76 73 46 131
Tullahoma, TN 96 107 99 52 226
Albany, TX 89 96 85 28 768
Brenham, TX 89 119 109 35 270
Corsicana, TX 89 112 105 44 273
Hallettsville, TX 98 117 103 38 345
Lampasas, TX 89 91 84 42 211
Luling, TX 89 108 90 43 246
Mexia, TX 86 115 104 54 398
Weatherford, TX 94 100 90 42 281
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and medians provide a measure of the central tendency of the 
annual maximum storm for each location. Median values, 
however, are probably more indicative because each of the 27 
series are right (positively) skewed. Although the skewness 
coefficients are not provided, the right skew is obvious 
since the means are greater than the medians at all 27 
locations. Potential problems associated with the varying 
record lengths are recognized, especially in the 
interpretation of individual extreme events, but are not 
considered serious problems and are not discussed further.
The median annual storm event at each location is 
graphically displayed in Figure 6.4. The highest median 
values are found along the central Gulf Coast represented by 
the sites of Apalachicola, Biloxi, and Covington. In fact, 
these three sites, respectively, are also ranked 1, 2, and 3 
in the average number of events exceeding 125 mm (Figure 
4.1). Sites along the East Coast also have median values 
among the largest in the region. The smallest values are 
found in the Appalachian Mountains (Rogersville, Tennessee 
and Mount Airy, North Carolina) and at the sites located 
farthest west in central Texas (Albany and Lampasas). The 
smaller medians in both regions are partially the result of 
the reduced frequencies of heavy rainfall events as discussed 
in Chapter Four. Both Rogersville and Mount Airy are 
affected by rainshadows and, in addition, Colucci (197 6) 
reports that cyclone trajectories tend to avoid the
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Figure 6.4. Spatial Pattern of Median Annual Maximum Storm
Magnitudes (in mm).
Appalachians. The prevailing aridity of central Texas, with 
frequent influx of continental tropical (cT) air from Mexico 
and the southwest United States, is the primary reason for 
its low medians.
Extreme minima in each of the annual storm series show 
only small geographic variability, but with noticeably 
smaller values in Texas (Figure 6.5). Minimum values in the 
region are smallest in Texas because arid conditions can 
prevail for extended periods of time expanding the boundary 
of Great American Desert of the U.S. Southwest (Bomar 1983). 
The absolute extreme annual minimum for all sites 
collectively is 28 mm recorded at Albany, Texas, the site 
located farthest west. This small value was recorded in 1956 
which is the year that Albany experienced its smallest annual 
rainfall total of 281 mm (11.07 inches) which is over 380 mm 
(15 inches) below its long-term mean of 664 mm (26.15 









Figure 6.5. Spatial Pattern of the Minimum Annual Storm
Recorded at Each Location During its Period of Record (in 
mm) .
had substantially less rainfall in 1956 when compared to 
their long-term means suggesting that arid conditions 
prevailed across much of central Texas. In the
climatological literature, this drought period is often 
referred to as the "little dust bowl" which affected over
half of the country from 1953-1957 (Heim 1988) and reached a
maximum in Texas in 1956 (Bomar 1983).
Extreme maxima from the annual series data show a more
complex pattern (Figure 6.6). Sites with the smallest 
recorded maximum events in their annual maximum series are 
Rogersville (Tennessee), Muscle Shoals (Alabama), and 
Pocahontas (Arkansas); all in the north central portion of 
the study area. Small magnitudes at Rogersville are 
primarily due to consistent rainshadowing by the Appalachian 
Mountains. Storm magnitudes have the potential to be larger 
on the windward side of these mountains and a site in such an 
area would likely have received a number of impressive
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Figure 6.6. Spatial Pattern of the Maximum Storm Recorded at
Each Location During its Period of Record (in mm).
storms. One example is provided by Neary and Swift (1987) 
who detail a storm of 320 mm (12.6 inches) in Pisgah National 
Forest near Asheville, North Carolina. The remainder of the 
north central portion of the study area has relatively 
smaller overall maximum events resulting from distance from 
the coast. Hence, there is reduced exposure to tropical 
storm systems which are found (in a subsequent discussion in 
section 6.3) to be an important (but not completely 
necessary) element in the generation of excessively high 
rainfall magnitudes.
The largest extreme events across the entire study area 
are recorded in Texas at Albany (768 mm) and Mexia (398 mm) . 
It is interesting to note that Albany has both the extreme 
minimum and maximum recorded annual storm event for all sites 
within the study area collectively which demonstrates the 
extreme variability of heavy rainfall at the site.
The central Texas area has a relatively low frequency 
regime of heavy rainfall events, but the quantity of rainfall
134
produced during such situations can be potentially among the 
largest found anywhere else in the region or the entire 
United States (Bomar 1983). The typical atmospheric 
conditions leading up to an extraordinary rainfall and 
flooding event of these proportions are easterly waves that 
move inland into Texas from the east. After landfall, these 
tropical disturbances are then orographically lifted by the 
Balcones Escarpment at the southeastern fringe of Edwards 
Plateau, which features rapid rises in elevation of about 3 00 
meters (1000 feet) or more across distances of only a few 
kilometers (Bomar 1983). Often, these systems are
additionally lifted as the tropical system overruns a frontal 
boundary (Patton and Baker 1977).
The extreme event (768 mm) recorded at Albany, Texas on 
August 3-4, 1978 fits the mechanistic description of Patton 
and Baker (1977) closely. The meteorological conditions 
leading to this deluge as documented by Caracena and Fritsch 
(1983) include a remnant low produced by Tropical Storm 
Amelia, upslope airflow along the Balcones Escarpment, an 
approaching cold front, an elevated layer of tropical dry 
air, and an upper air disturbance from the Pacific which 
reinforced the upper air remnant of Amelia. Of the 810 mm 
(31.89 inches) of rain produced over a four day period, over 
90 percent fell in less than 12 hours (Caracena and Fritsch 
1983). The resultant flooding from this event on North Fork 
Hubbard Creek (a basin of 102 square kilometers) was so
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severe that it is included as the maximum floodflow that has 
ever been officially recorded for a drainage basin of this 
size (Hirschboeck 1987a). It should be noted that extreme 
south Texas has also been known to experience excessively 
large storm magnitudes (upward of 500 mm) as documented by 
Bosart et al. (1992) and Bosart (1984) despite the exclusion 
of this area in this project.
6.3 GREATEST 25 STORM EVENT MAGNITUDES
Since only the single extreme event at each site is 
listed in Table 6.2, a ranking of the 25 greatest storm 
events, regardless of whether multiple events occur at one 
location, is tabulated in Table 6.3. In addition, the 
mechanism(s) producing the events is (are) also provided. 
Since these 25 events represent extraordinary events and 
anomalous meteorologic conditions, a more detailed synoptic 
explanation is provided than was implemented in Chapter Three 
where events were placed into one category only. The 
abbreviations used to denote the generating mechanisms are as 
follows; Frontal (FR) , Hurricane (H), Tropical Storm (TS), 
Tropical Disturbance (TD), and Upper Air Disturbance (UA).
In several instances, one mechanism combined with 
another to produce the unusual event. For example, the third 
ranked event (at Apalachicola) was produced when a tropical 
storm interacted with a surface cold front and generated 3 85
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Table 6.3. Greatest 25 Storm Events Recorded at 27 Sites 
Collectively Across the Southeast Region, in millimeters. 
See Text for Explanation of Mechanisms.
RANK MAG LOCATION DATE MECHANISM
1 768 Albany, TX 8/4/78 FR, TS
2 398 Mexia, TX 9/5/32 FR
3 385 Apalachicola, FL 9/14/32 TS, FR
4 380 St. Leo, FL 6/16/34 H, FR
5 369 St. Leo, FL 5/8/79 FR, UA
6 349 St. Leo, FL 10/25/21 H
7 345 Hallettsville, TX 7/1/36 FR
8 345 St. Leo, FL 9/6/50 H
9 336 Anderson, SC 8/25/08 FR, TS
10 329 Okemah, OK 4/15/45 FR
11 318 Hallettsville, TX 6/27/73 UA
12 316 Apalachicola, FL 9/15/24 H, FR
13 299 Covington, LA 6/5/28 FR
14 298 Biloxi, MS 6/16/95 —
15 298 Charleston, SC 6/11/73 TD
16 298 St. Leo, FL 9/5/33 H
17 298 Charleston, SC 9/6/33 H, FR
18 297 Savannah, GA 9/18/28 H
19 293 Anderson, SC 8/13/40 H
20 292 Monroe, NC 8/26/08 FR, TD
21 288 Apalachicola, FL 9/28/06 H, FR
22 283 Covington, LA 10/3/37 TD
23 282 Savannah, GA 9/16/24 H
24 281 Weatherford, TX 4/26/22 FR
25 279 Belle Glade, FL 11/7/32 FR
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mm (15.2 inches) of precipitation. In addition, the fifth 
ranked event (at St. Leo) was produced through the 
combination of a surface front and an upper air disturbance 
at the 500 millibar level. Nine of the 24 classified events 
were induced by a combination of anomalous meteorological 
factors. The event at Biloxi in 1895 is unclassified because 
there are no surface maps available prior to 1899.
Five events were recorded in Texas, including the first 
and second ranked events. Nine events were recorded in 
Florida including four of the six highest ranked storm 
magnitudes. There is also a strong coastal orientation to 
the locations in Table 6.3 with 20 of the 25 events occurring 
at sites within 110 km (68 miles) of the coast. This is not 
surprising since it seems that tropical disturbances play at 
least a partial role in producing the majority (15 of 24) of 
these events.
These extreme events are also concentrated in the summer 
and early fall with 23 of the 25 events occurring in the five 
months from June through October. None of the events were 
recorded in months from December through March. Also, 
clustering of events is evident temporally with 14 of the 25 
events occurring in the 192 0s and 193 0s and four events in 
the 1970s. It is likely that these periods are associated 
with anomalies in large-scale circulation patterns. 
Surprisingly, there were no events in this tabulation from
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the 1980s which has been a relatively wet decade overall in 
the Southeast.
6 . 4 SUMMARY
This chapter examined whether magnitudes of heavy 
rainfall events are changing through time. Spearman 
correlations between annual maximum storm events and year 
found only three significant associations, but the dominance 
of positive correlation coefficients suggests a tendency 
toward increasing values. Associations of annual maximum 
storm magnitudes and local average annual temperatures 
revealed that several Texas sites had a strong negative 
association indicating that colder temperatures led to larger 
annual maximum storm values. Associations between these 
variables were not as conclusive in the remainder of the 
study area.
Spatial analysis of annual maximum storm medians showed 
larger values along the central Gulf Coast. Minima in the 
annual series data had little variability, but with notably 
small values at some sites in Texas. Maxima in the annual 
series data were also found in Texas in addition to Florida.
Analysis of the 25 greatest storms recorded at all 
locations collectively showed a strong coastal orientation 
and most were at least partially induced by disturbed 
tropical weather. Furthermore, these data showed a strong
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summer and early fall seasonality and were temporally 
clustered in the 1920s, 1930s and 1970s. The clustering of 
extraordinary events that is evident suggests that some 
deterministic factors (i.e., anomalies in atmospheric 
circulation patterns) may be associated with the generation 
of these events. Perhaps future research could focus on 
these factors.
CHAPTER SEVEN 
SUMMARY, CONCLUSIONS, AND FUTURE RESEARCH POTENTIAL
This chapter summarizes the major objectives and 
conclusions of this research project. First, a brief 
justification for the study and a description of the methods 
is provided. Then, the future heavy rainfall regime in the 
Southeast is discussed as well as potential avenues of future 
research.
Justification
The abundance of recent heavy rainstorms and flooding 
episodes in the southeastern United States has raised 
concerns that excessive rainstorms may be increasing in 
frequency and magnitude across the region. For this reason, 
this research analyzed the heavy rainfall climatology in the 
area to determine whether long-term trends exist within the 
historical climate record. The four primary objectives were:
1) To investigate the synoptic weather situations and 
seasonality of heavy rainfall events to determine and 




2) To test the hypothesis that heavy rainfall events are 
increasing in frequency over time.
3) To test the hypothesis that heavy rainfall events 
are increasing in magnitude over time.
4) To investigate whether spatial variability in the 
synoptic conditions, frequencies, and magnitudes of 
storms exists across the region.
Each of these were discussed individually with the exception 
of objective four (spatial variability) which is addressed in 
conjunction with the other three objectives.
Data and Methods
The study area for this project was the southeastern 
United States including Oklahoma, Texas, Arkansas, Louisiana, 
Tennessee, Mississippi, Alabama, North Carolina, South 
Carolina, Georgia, and Florida. The approach for conducting 
and completing the stated objectives involved reconstructing 
time series of storms across the Southeast. These data were 
extracted from daily precipitation observations from the 
United States Historical Climatology Network Daily 
Temperature and Precipitation Data (HCN/D) compiled by Oak 
Ridge National Laboratory (ORNL). These climate data have 
undergone extensive quality assurance checks and include only 
the most reliable, internally consistent, and unbiased long­
term records. There were 27 station records available within 
the study area of which nineteen had records beginning prior
to the turn of the 20th century. Throughout this research 
project, the storm duration parameter was rainfall totals 
spanning two consecutive observational days.
7.1 OBJECTIVE ONE: SYNOPTIC AND SEASONAL ANALYSES
All rainfall events over a 75 mm (3 inches) threshold 
were classified using an all-inclusive manual weather typing 
system. Each event was considered to be the result of a 
front, tropical disturbance, or an airmass storm. Since this 
classification scheme is labor intensive, a sample of eight 
sites from across the region was selected. It was determined 
that heavy rainfall events in the region are generated 
primarily by frontal weather systems (79 percent) followed by 
tropical disturbances (13 percent) and airmass storms (8 
percent). However, tropical disturbances and airmass storms 
had relatively higher percentages at the coastal locations. 
Seasonality of heavy rainfall across the region varied 
greatly from one site to another. Seven of the eight sites 
had their peak in frequency in a different month and no 
season was unrepresented. In general, however, the western 
and central portion of the study area had peaks in 
frequencies in winter and spring while the eastern portion 
had summer peaks in frequencies. These spatial patterns are 
related to seasonal regimes of cyclone tracks (both tropical 
and extra-tropical) and locations of upper-level flow
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patterns of humid tropical and dry stable air. Chi square 
test results concluded that the seasonality of heavy rainfall 
events is significant at seven of the eight sites. Only 
Rogersville, Tennessee had insignificant results. The 
existence of mixed distributions was also investigated in 
these storm data. Kruskal-Wallis tests concluded that of the 
eight sites Hallettsville (Texas), Edenton (North Carolina), 
and Belle Glade (Florida) had mixed distributions. This was 
attributed to the larger magnitudes of the tropical 
disturbance storms that are generated at these coastal 
locations.
7.2. OBJECTIVE TWO: STORM FREQUENCY ANALYSIS
To achieve this stated objective, a 75 mm (3 inch) 
threshold was used again. Time series of the number of 
annual events over the threshold were used to examine the 
average annual frequencies of events across the region, to 
test for trends, and to identify potential associations with 
temperature at the hemispheric and local level. Spatial 
variability of heavy rainfall events at the 27 sites across 
the region concluded that the central Gulf Coast was the area 
with maximum frequencies on an average annual basis and 
central Texas and the Appalachian region received the fewest. 
Analysis of temporal trends found significant results at a 
number of sites and some spatial cohesion in the direction
(either positive or negative) of the Spearman correlation 
coefficients between the number of annual events and year. 
The East Coast was dominated by negative associations 
(suggesting some temporal decrease in the number of events) 
and areas farther west had primarily positive correlations 
(suggesting some temporal increase in the number of events). 
This spatial pattern may be related to fluctuations in the 
strength and migration of the Bermuda High. Associations of 
heavy rainfall frequencies with Northern Hemisphere 
temperatures showed only a weak relationship across the 
region as a whole. Local temperatures, however, were 
significantly negatively correlated with storm frequencies at 
a number of sites in Texas where spring and fall frontal 
systems produce the majority of events. In contrast, 
significant positive relationships between these variables 
were found at coa-stal sites in the east where summer peaks in 
heavy rainfall activity are dominant. This may be the result 
of increased airmass- and tropical disturbance-induced storm 
activity during warmer periods.
Temporal trends in heavy rainfall events by season and 
by synoptic weather type were also investigated at a sample 
of four sites: Edenton (North Carolina), Belle Glade
(Florida), Covington (Louisiana), and Hallettsville (Texas). 
It was found that each site had a significant trend in at 
least one season, suggesting that trends in individual 
weather types may be present. In the same season, there were
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also significant trends in opposing directions with East 
Coast sites having trends in the opposite direction of those 
farther to the west. This supports the hypothesis that the 
Bermuda High may be influencing the observed spatial 
patterns.
Analysis of trends in storms derived by the three 
weather types were conducted on series of storms with Poisson 
distributions. Linear regression of the interarrival times 
between events revealed significantly increasing trends in 
frontal events at Hallettsville and in tropical disturbance 
events at Covington, and a significantly decreasing trend in 
airmass events at Covington.
7.3 OBJECTIVE THREE: STORM MAGNITUDE ANALYSIS
Temporal trends in storm magnitudes were investigated 
through analysis of annual maximum storm series data. 
Spearman correlations between annual maximum storm events and 
year found only three significant associations, but the 
dominance of positive correlation coefficients suggested a 
tendency toward increasing values region-wide. Thus recent 
flood losses may be as much the result of climate as in poor 
land management and zoning practices. Associations of annual 
maximum storm magnitudes and local average annual 
temperatures revealed that several Texas sites had a strong 
negative association, indicating that colder temperatures led
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to larger annual maximum storm values. Associations between 
these variables were not as conclusive in the remainder of 
the study area.
Spatial analysis of annual maximum storm medians showed 
larger values along the central Gulf Coast. Minima in the 27 
annual series had little variability, but with notably small 
values at some sites in Texas. Maxima in the annual series 
data showed that the largest events in the region are 
produced in Texas and Florida.
Analysis of the 25 greatest storms recorded at all 
locations collectively showed a strong coastal orientation 
and most were at least partially induced by disturbed 
tropical weather systems. Furthermore, these data showed a 
strong summer and early fall seasonality and were temporally 
clustered in the 1920s, 1930s and 1970s. The clustering of 
extraordinary events suggests that some persistent 
deterministic elements (i.e., anomalies in atmospheric 
circulation patterns) may be associated with the generation 
of these events.
7.4 FUTURE OUTLOOK
Attempts to predict the short- and long-term patterns of 
heavy rainfall frequencies and magnitudes in the Southeast is 
an extremely complex endeavor. The current level of 
understanding of the atmospheric environment is very limited
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and long-range forecasting of any climatic variable has 
serious limitations. Scientists today cannot even agree 
whether global warming is currently present as a result of 
elevated atmospheric carbon dioxide (Solow and Broadus 1989; 
Balling 1992), much less determine the potential impacts on 
extreme events. Furthermore, even assuming a global warming 
scenario, Kunkel et al. (1993a) concluded that current
general circulation model output (for seasonal precipitation) 
is inadequate for determining changes in frequencies of heavy 
rainfall events.
Assuming a global warming scenario, current literature 
indirectly supports the notion that the Bermuda High should 
expand and shift westward (Stahle and Cleaveland 1992; 
Coleman 1988). This will bring relatively dry stable 
conditions to the East coast and push moist tropical air to 
areas farther west. Also, with warmer sea surface 
temperatures, there is potential for greater frequencies and 
intensities of tropical disturbances. Hence, in this 
scenario, the East Coast may have decreased probabilities of 
experiencing heavy rainfall while areas farther to the west, 
i.e., the central Gulf Coast, may have increased 
probabilities. In contrast, if a global cooling trend 
occurs, the regional response is likely to be very different 
due to a contracted Bermuda High. It appears that the East 
Coast may be more susceptible to heavy rainfall, with the 
possibility that the central portion of the study area may
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have decreased frequencies as tropical weather systems are 
guided farther east. Furthermore, results from Texas have 
shown that cooler temperatures, at least locally, result in 
more frequent storms and with storms of greater magnitude in 
the state. One way to examine potential future heavy 
rainfall climates in the Southeast would be to examine analog 
periods (combinations of warm and cool; wet and dry) in the 
empirical data to acquire an idea of potential impacts on 
heavy rainfall regimes (Changnon and Huff 1991).
7.5 FUTURE RESEARCH OPPORTUNITIES
Many questions remain unanswered regarding past, 
present, and future heavy rainfall in the southeastern United 
States and it is quite possible that this dissertation has 
raised more questions than it has answered. • For example, the 
association between atmospheric circulation anomalies and 
heavy rainfall in the region is still largely unknown and may 
prove to be vital in our understanding of these events and 
how their magnitudes and frequencies may change. It should 
be mentioned that similar investigations in the Midwest 
United States by Kunkel et al. (1993b) have shown that large
precipitation events are generated by short-term atmospheric 
anomalies which persist for a number of days but are 
undetectable at longer time scales . Studies such as this are 
still warranted in the Southeast because these storms may be
generated by different atmospheric configurations than in the 
Midwest. Future projects on this topic could investigate the 
importance of El Nino/Southern Oscillation (Ropelewski and 
Halpert 1986), the Pacific/North American (PNA) 
teleconnection pattern (Wallace and Gutzler 1981) and other 
upper-air circulation indices (Heim et al. 1992). Examples 
are provided by Hirschboeck (1987a) who found an association 
between El Nino and catastrophic flooding in the United 
States and Henderson and Robinson (1993) who have shown that 
fluctuations in the PNA Index affect both the number of 
rainfall events and their magnitudes in part of the 
Southeast. Also, surface circulation patterns and their 
relationship to heavy rainfall could be investigated, 
especially as they relate to synoptic weather patterns. For 
example, van Loon and Williams (1976a; 1976b) and Williams 
and van Loon (1976) analyzed interrelationships between 
seasonal temperatures over the Northern Hemisphere and 
surface circulation patterns for each season. These 
conclusions could be associated with heavy rainfall events by 
season and scenarios of heavy rainfall (by season) could be 
developed for both global warming and/or cooling conditions 
(Robinson and Finkelstein 1991). Other possibilities for 
future research include (but are not limited to) 
investigations of storms at thresholds not analyzed in this 
study, poisson modeling of heavy rainfall events to be used 
for prediction of future probabilities, harmonic analysis of
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the periodicities in the annual series data, and case studies 
of individual events and/or individual years with excessive 
numbers of events. Whatever the future holds for the 
Southeast, however, it is likely to be linked in some way to 
responses of the Bermuda High to these other climate forcing 
mechanisms.
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APPENDIX: STATION HISTORIES
The following is a discussion of the pertinent features 
of the climate record for the stations used in this analysis. 
Stations are listed below by city name, state, and the 
latitude and longitude of the current station location.
Muscle Shoals, Alabama: 34°45'N 85°37'W
The Muscle Shoals site is located in the northwest 
corner of Alabama near the Tennessee River. The station 
record began in December 1940 making it the shortest record 
included in this analysis. In 1960, the only station 
relocation occurred which was a move of unknown distance. 
The raingauge at this site was situated at heights of 13.2 m 
(1941-1960), 12.9 m (1960-1964), and 0.9 m (1964-1990) (3,
44, 43, and 3 feet) above the surface which is at an 
elevation of 160.8 m (53 6 feet) above mean sea level (msl). 
In the climate records this site is known as Muscle Shoals 




Talladega, Alabama: 33°26'N 86°05'W
Talladega is located in east-central Alabama about 55 
kilometers (35 miles) west of Birmingham. The station record 
officially began in July 1891, but the first several years of 
data are of questionable quality and several years of data 
are missing. Therefore, all data prior to 1897 were dropped 
from this analysis. Station relocations occurred in 1936, 
1946, 1953, 1966, and 1971 and the farthest of these moves 
was 3.2 kilometers from the previous location. The raingauge 
was situated at 0.9 m (1897-1900), 1.5 m (1900-1913), 2.1 m 
(1913-1934), and 0.9 m (1934-1990 )(3, 5, 7, and 3 feet)
above the surface which fluctuated in elevation between 162 
m and 169.5 m (540 and 565 feet) above msl.
Conway, Arkansas: 35°06'N 92°25'W
Conway is located in central Arkansas about 40 
kilometers (25 miles) north-northwest of Little Rock. 
Although the station record began in September 1890, missing 
data prior to 1892 has led to the elimination of the years 
1890 and 1891. Station relocations occurred in 1917, 1946, 
twice in 1956, 1964, 1965, 1969, 1974, 1983, and 1987 and the 
farthest of these moves was 3.7 kilometers (2.3 miles) from 
the previous location. The raingauge remained at a constant 
height of 0.9 m (3 feet) above the surface which ranged in 
elevation from 92.7 m to 99.6 m (309 to 332 feet) above msl. 
In addition to Bulletin W and Climatological Data, data from
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the early portion of the station record are also published in 
Monthly Weather Review.
Pocahontas, Arkansas: 36°16'N, 90°58'W
Pocahontas is located in northeast Arkansas just west of 
the Missouri spur. The station record began in April 1894 
and only two relocations occurred, in 1957 and 1982, both of 
which were moves of one kilometer (0.6 miles) or less. The 
stability of this station is attributed to the Benedictine 
Sisters who managed the site from 1895 until 1982. The 
raingauge remained at a constant height of 0.9 m (3 feet) 
above the surface which fluctuated in elevation between 90 m 
and 99 m (300 and 330 feet) above msl.
Appalachicola, Florida: 29°44'N 85°02'W
Appalachicola is situated along the northwest Gulf coast 
in an area primarily consisting of marsh. The station record 
began in October 1903 and was relocated in 1913, 1922, 1930, 
and 1975. The farthest of these moves was 4.3 kilometers 
(2.7 miles) from the previous location. The raingauge was 
situated at 0.9 m (1903-1922), 9.6 m (1922-1929), and 0.9 m 
(1930-1990) (3, 32, and 3 feet) above the surface which
ranged in elevation between 3 m and 6 m (10 and 2 0 feet) 
above msl. In the published climate record, this station is 
known as Appalachicola (1903-193 6), Appalachicola WBO (193 6- 
1975), and Appalachicola WSO AP (1975-1990).
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Belle Glade, Florida: 26°39'N 80°38'W
Belle Glade, Florida is located on the southeastern 
shore of Lake Okeechobee about 65 kilometers (40 miles) from 
the Atlantic coast. This site is farther south than any 
other included in this analysis. The station record began in 
May 1924 and was relocated only once, in 1982, which was a 
move of only 1.3 kilometers (0.8 miles) from its previous 
location. A recording raingauge, in addition to the standard 
raingauge, was used at this site which was situated at 0.6 m 
(1924-1942), 1.5m (1942-1982), and 0.9 m (1982-1990) (2, 5, 
and 3 feet) above the surface which was situated at an 
elevation of 4.5 m (15 feet) above msl.
Saint Leo, Florida: 28°20'N, 82°16'W
Saint Leo is located about 40 kilometers (25 miles) 
northeast of Tampa and about 40 kilometers (25 miles) inland 
from the Gulf coast. The station record began in April 1895 
and was relocated in 1902, 1944, 1957, 1964, 1969, 1972, and
1981. The farthest of these moves was 4.8 kilometers (3 
miles) from its previous location. A standard raingauge was 
used throughout the period of record, but a Fischer-Porter 
gauge was also in use beginning in 1972. These gauges were 
situated at a constant height of 0.9m (3 feet) above ground 
level which ranged in elevation between 57 m and 59.4 m (190 
and 198 feet) above msl. In addition to Climatological Data, 
data prior to 1910 were also published in Monthly Weather
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Review. In the climate records, this station is also known 
as Earnestville from 1895-1901.
Savannah, Georgia: 32°08'N 81°12'W
Savannah is located in east-central Georgia on the 
Savannah River about 16 kilometers (10 miles) from the 
Atlantic coast. The precipitation record began in January 
1871 just before the U.S. Signal Service took responsibility 
for the site. Surprisingly, data from the years 1969 through 
1971 are missing from this record and these years will not be 
replaced with surrogate data. Station relocations occurred 
in 1871, 1875, 1899, 1909, 1932, 1945, 1950, 1968, and 1973, 
but only one of these was a move greater than one kilometer 
(0.6 miles). This precipitation record is tied with 
Charleston, South Carolina as the longest included in this 
analysis. A standard raingauge was used for the period of 
record, but a recording gauge was also in use beginning in 
1980. These gauges were situated at known heights of 16.8 m 
(1871-1873), 16.2 m (1875-1899), 22.2 m (1899-1909), 29.4 m 
(1909-1932), 21.3 m (1932-1945), 0.9 m (1945) 6.3 m (1945-
1950), and 0.9 m (1950-1990) (56, 54, 74, 98, 71, 3, 21, and
3 feet) above the surface which fluctuated in elevation
between 11.4 m and 13.8 m (38 and 46 feet) above msl. In
addition to Climatological Data, precipitation data since 
February 1973 are also published in Hourly Precipitation
Data. In the climate records, this station is known as
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Savannah (1871-1945), Savannah AP ((1945), Savannah WBAS 
(1945-1973), and Savannah WSO AP (1973-1990).
Covington, Louisiana: 30°32'N 90°07'W
Covington is located in east-central Louisiana about 10 
kilometers (5 miles) north of Lake Pontchartrain. The 
station record began in May 1893 and was relatively stable 
because it was managed by St. Paul's College from 193 8 to 
1965 and St. Joseph Abbey and Seminary since 1965. The 
station was relocated in 1938, 1956, 1965, and 1971 and the 
farthest of these moves was 7 kilometers (4.4 miles) from its 
previous location. The raingauge was situated at 0.6 m 
(1902-1918), 1.2 m (1920-1938), and 0.9 m (1938-1990) (2, 4,
and 3 feet) above the surface which was at an elevation of 12 
m (40 feet) above msl. In addition to Bulletin W and 
Climatological Data, data from this site are also published 
in Hydrological Bulletin from 1969-1983.
Biloxi, Mississippi: 30°24'N 88°57'W
Biloxi is located in extreme southern Mississippi on the 
central Gulf Coast. The station record began in June 1893 
and was relocated in 1893, twice in 1901, 1931, 1942, twice 
in 1943, 1944, 1958, 1960, 1973, 1985 and 1986. The farthest 
of these moves was 3.7 kilometers (2.3 miles) from its 
previous location. Poor data quality plague this site after 
1987. There are several weeks and months of missing data in
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1988 and 1990, and 1989 are missing entirely. Therefore, 
precipitation data from the Gulfport Naval Center, also 
located on the Gulf coast about 20 kilometers (12 miles) to 
the west, are appended to the Biloxi record beginning with 
the year 1988. The raingauge was situated at known heights 
of 1.8 m (1901-1924), 0.9 m (1924-1931), 12 m (1931-1942), 
and 0.9m (1942-1990) (6, 3, 40 and 3 feet) above the surface
which ranged in elevation from 4.5 m to 7.2 m (15 to 24 feet) 
above msl. These data are published in Hourly Precipitation 
Data from 1958 to 1966, in addition to Bulletin W and 
Climatological Data. In the climate records, this site is 
referred to as Biloxi (1887-1944), Biloxi City (1944-1986), 
Biloxi Hiller Park (1986-1987), and Gulfport Naval Center 
(1988-1990).
Edenton, North Carolina: 36°03'N 76°37'W
Edenton is located in a marshy area in northeast North 
Carolina on Albemarle Sound. This site is located farther 
east than any other within the study area. The station 
record began in July 1896 and was relocated in 1950, 1956,
and 1981. The farthest of these moves was 0.6 kilometers 
(0.4 miles) from its previous location. The raingauge was 
situated at a constant elevation of 0.9 m (3 feet) above the 
ground which also remained at a constant elevation of 6 m  (2 0 
feet) above msl.
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Monroe, North Carolina: 34°58'N 80°30'W
Monroe is located on the Piedmont in south-central North 
Carolina. The station record began in February 1896 and the 
site was relocated in 1949, 1954, 1984, and 1985. None of
these were moves greater than 0.3 kilometers (0.2 miles) from 
the previous location. The raingauge was situated at 1.2 m 
(1896-1949) and 0.9 m (1949-1990) (4, and 3 feet) above the
ground which ranged in elevation between 174 and 176 m (580
and 586 feet) above msl. In the climate records, this
station is referred to as Monroe or Monroe 4SE.
Mount Airy, North Carolina: 36°31'N 80°37'W
Mount Airy is located just east of the Blue Ridge 
Mountains in northwest North Carolina. The station record 
began January 1893 and the station was relocated in 1924, 
1951, 1954, 1977,- and 1985 and none of these moves exceeded 
0.2 kilometers (0.1 miles) in distance. The raingauge
remained at a constant height of 0.9 m (3 feet) above the 
surface which fluctuated in elevation between 3 09 m and 327 
m (103 0 and 1090 feet) above msl.
Holdenville, Oklahoma: 35°05'N 96°24'W
Holdenville is located in central Oklahoma about 80
kilometers (50 miles) southeast of Oklahoma City. The 
station record began in March 1901 and was relocated in 1921, 
1957, twice in 1960, 1977, and 1979. The farthest of these
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moves was 1.6 kilometers (1 mile) from its previous location. 
The raingauge remained at a constant height of 0.9 m (3 feet) 
above the ground which ranged in elevation from 258 m to 275 
m (860 to 915 feet) above msl.
Okemah, Oklahoma: 35°26'N 96°18'W
Okemah is also located in central Oklahoma about 40 
kilometers (25 miles) north-northeast of Holdenville. The 
station record began in April 1912 and was relocated in 1919, 
1963, 1980 and 1983. The farthest of these moves was 5.2
kilometers (3.2 miles) from its previous location. In 
addition to the standard raingauge, a recording raingauge was 
also used from 1940 to 1942 and 1950 to 1980. These gauges 
were situated at 2.1 m (1912-1919), and 0.9m (1919-1990) (7, 
and 3 feet) above the surface which ranged in elevation from 
240 m to 280 m (800 to 935 feet) above msl. In addition to 
Bulletin W and Climatological Data, the early portion of this 
data set is also published Monthly Weather Review.
Anderson, South Carolina: 34°32'N 82°40'W
Anderson is located in northwest South Carolina near 
Hartwell Lake, part of which forms a border between South 
Carolina and Georgia. The station record began in January 
1892, but there is a period of missing data extending from 
December 1899 to May 1901. Therefore, to keep this data set 
continuous, only data after 1901 are used in this analysis.
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The station was relocated in 1901, 1905, 1962, and 1969 and 
the farthest of these moves was 4.8 kilometers (3 miles) from 
its previous location. The raingauge was situated at known 
heights of 0.6 m (1905-1910) and 0.9 (1910-1990) (2, and 3
feet) above the surface which fluctuated in elevation between
229.2 m and 267.6 m (764 and 892 feet) above msl.
Charleston, South Carolina: 32°47'N 79°56'W
Charleston is located in eastern South Carolina along 
the Atlantic coast. This site is the most urban station 
within the study area. The station record began in January 
1871 making it one of the longest records included in this 
analysis. The station was relocated only twice, in 1897 and 
1975, and neither of these moves exceeded 0.5 kilometers (0.3 
miles) in distance from the previous site. A tipping bucket 
raingauge was used for the entire period of record, but was 
supplemented with a Fisher-Porter gauge for a brief period in 
the mid-1970s. In the published records, stick measurements 
of the rainfall received in the tipping-bucket gauge is the 
officially recorded rainfall total. The gauge was situated 
at heights of 17.1 m (1871-1881), 15.9 m (1881-1886), 16.5 m 
(1886-1897), 22.8 m (1897-1932), and 0.9 m (1932-1990) (57,
53, 55, 76, and 3 feet) above the surface which ranged in
elevation between 2.7 m and 3.3 m (9 and 11 feet) above msl. 
In addition to Climatological Data, the latter portion of 
this record is also published in Hourly Precipitation Data.
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Rogersville, Tennessee: 36°25'N 82°59'W
Rogersville is situated in the "Valley of East 
Tennessee" bounded by the crest of the Blue Ridge Mountains 
to the east and the Appalachian ridge to the west. The 
station record began in September 1887, but prior to August 
1891, the data set is plagued with periods of missing data 
and this early portion of the data set is dropped from this 
analysis. The station was relocated in 1934, 1953, and 1955 
and the farthest of these moves was 3.1 kilometers (1.9 
miles) from the previous site. In addition to the standard 
raingauge, a Fisher-Porter gauge was also used beginning in
1982. These gauges were situated at known heights of 0.9 m 
(1896-1902), 1.2 m (1902-1934), and 0.9 m (1934-1990) (3, 4,
and 3 feet) above the surface which ranged in elevation from 
345 m to 406.5 (1150 to 1355 feet) above msl. In addition to 
Climatological Data, the latter portion of the record is also 
published in Hourly Precipitation Data.
Tullahoma, Tennessee: 35°21'N 86°12'W
Tullahoma is located in south-central Tennessee about 
100 kilometers (62 miles) northwest of Chattanooga. The 
station record began in March 1893, but there is a period of 
missing data from November 1893 through February 1894 and in 
this analysis, the station record begins in January 1895. 
The station was relocated in 1903, 1943, 1960, 1981, and 1985 
and the farthest of these moves was 2.7 kilometers (1.7
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miles) from the previous location. The raingauge was 
situated at 0.6 m (1893-1902), and 0.9 m (1903-1990) (2, and 
3 feet) above the surface which ranged in elevation from
314.4 m to 322.5 m (1048 to 1075 feet) above msl.
Albany, Texas: 32°44'N 99°17'W
Albany is located in north-central Texas about 50 
kilometers (30 miles) northeast of Abilene. This site is 
farther west than any other included in this analysis. The 
station record began in November 1901 and was relocated in 
1933, 1948, 1949, 1961, 1966, 1974, twice in 1975, 1978,
1984, and 1985. The farthest of these moves was 2.3 
kilometers (1.4 miles) from the previous location. The 
raingauge remained at a constant elevation of 0.9 m (3 feet) 
above the surface which ranged in elevation from 422.4 m to 
431.4m (1408 to 1438 feet) above msl.
Brenham, Texas: 30°09'N 96°24'W
Brenham is located in southeastern Texas about 100 
kilometers (62 miles) west-northwest of Houston. The station 
record began in January 1897, but data from April 1897 
through October 1901 are missing. Therefore, in this 
analysis, only data after January 1902 are analyzed. The 
station was relocated in 1944 and 1961 and the farthest of 
these moves was 0.5 kilometers (0.3 miles) from the previous 
location. In addition to a standard raingauge, a recording
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gauge was also in use during the late 1950s. These gauges 
were situated at known heights of 2.4 m (1897-1906), 2.1 m 
(1908-1944), 1.2m (1944-1965), and 0.9 m (1965-1990) (8, 7, 
4, and 3 feet) above the surface which ranged in elevation 
from 105 m to 106 m (350 to 353 feet) above msl.
Corsicana, Texas: 32°05'N 96°28'W
Corsicana is located in northeast Texas about 80 
kilometers (50 miles) southeast of Dallas. The station 
record began in January 1893, but the record prior to 1902 is 
of questionable quality and is plagued with extended periods 
of missing data. Therefore, only the post-1901 data are 
analyzed. The station was relocated in 1962 and 1972 and the 
farthest of these was a move only 0.6 kilometers (0.4 miles) 
from the previous location. In addition to the standard 
raingauge, a weighing gauge was also used in the early 1960s. 
These gauges were situated at 1.5 m (1901-1915), 2.4 m (1916- 
1918), 6 m  (1918-1941), 0.9m (1941-1953), 2.4m (1953-1960), 
and 0.9 m (1962-1990) (5, 8, 20, 3, 8, and 3) above the
surface which fluctuated in elevation between 127.5 m and 
133.5 m (425 and 445 feet) above msl.
Hallettsville, Texas: 29°28'N 96°57'W
Hallettsville is located about 150 kilometers (93 miles) 
west-southwest of Houston and is about 110 kilometers (68 
miles) from the Gulf Coast. The station record began in
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January 1893 and was relocated in 1921, 1949, 1966, 1975,
1981, and 1987. The farthest of these moves was 6.4 
kilometers (4 miles) from its previous location. The 
raingauge was situated at 1.8 m (1893-1916), 1.2 m (1917-
1949), and 0.9 m (1949-1990) (6, 4, and 3 feet) above the
surface which ranged in elevation from 70.5 m to 82.5 m (235 
to 275 feet) above msl. In the climate records, this site is 
referred to as Hallettsville or Hallettsville 2N.
Lampasas, Texas: 31°03'N 98°11'W
Lampasas is located in central Texas on the northern 
edge of the Hill country. The station record began in 
January 1897, but there are extended periods of missing data 
prior to February 1902. The station was relocated in 1946, 
1950, 1967, and 1969 and the farthest of these moves was one 
kilometer (0.6 miles) from its previous location. In 
addition to the standard raingauge, a recording gauge was 
also in use in the early 1960s and again since 1986. These 
gauges remained at a constant height of 0.9 m (3 feet) above 
the surface which ranged in elevation between 3 04.8 m and
307.2 m (1016 and 1024 feet) above msl.
Luling, Texas: 29°40'N 97°39'W
Luling is located in southeastern Texas about 100 
kilometers (62 miles) west of San Antonio. The station 
record began in December 1901 and was relocated in 1944,
179
1945, 1949, 1961, and three times in 1978. The farthest of 
these moves was 2.4 kilometers (1.5 miles) from its previous 
location. In addition to the standard raingauge, a recording 
raingauge was also in use from 1943 to 1965. These gauges 
were situated at a constant height of 1.5 m (5 feet) above 
the surface which fluctuated in elevation between 119.4 m and
125.4 m (398 and 418 feet) above msl.
Mexia, Texas: 31°41'N 96°29'W
Mexia is located in east-central Texas about 125 
kilometers (78 miles) south-southeast of Dallas. The station 
record began in September 1904 and was relocated only once, 
in 1974, which was a move of 0.3 kilometers (0.2 miles) from 
its previous location. The raingauge was situated at 0.9 m 
(1904-1913), 1.2m (1913-1966), and 0.9 m (1966-1990) (3, 4, 
and 3 feet) above the surface which ranged -in elevation from 
158.7 m to 160.5 m (529 to 535 feet) above msl.
Weatherford, Texas: 32°46'N 97°49'W
Weatherford is located in north-central Texas about 55 
kilometers (34 miles) west of Ft. Worth. The station record 
began in October 1896 and was relocated in 1928, 1964, and
1969. The longest of these moves was only 0.6 kilometers 
(0.4 miles) from its previous location. A standard gauge was 
used throughout the station history, but a recording gauge 
was also in use from 1946-1974 and a Fisher-Porter gauge was
used from 1971 to the present. These gauges remained at a 
constant height of 0.9 m (3 feet) above the surface which 
fluctuated in elevation between 303 m and 330 m (1010 and 
1100 feet) above msl.
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